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Abstract 
Fibrous filter materials are commonly adopted in a variety of industrial and. domestic 
processes to remove fme particles. Filter performance may be assessed by two parameters: 
the proportion of particles passing through the media (penetration), and the resistance to 
gas flow through the filter (pressure drop). Another parameter, the filter lifetime, may be 
important where economical factors are key. 
When a filter is loaded with aerosol particles, they are initially captured deep within its 
structure by a number of collection mechanisms. After further loading, collected particles 
act as additional collection sites for incoming aerosols, where tree-like structures develop 
in solid particle collection, and in liquid systems, liquid coalesces to form liquid bridges. 
The filter eventually becomes full of aerosol, or clogged, and the pressure drop usually 
becomes unacceptably high. A filter cake forms in solid particle loading, whereas liquid 
films coat the fibres in coalescence filtration. Normally, the media is discarded at this 
stage, however continued use is possible in liquid particle loading, as the filter reaches 
equilibrium steady-state operation. 
This work reports on an experimental program studying the loading effect of 
monodisperse liquid (di-ethyl sebacate) and solid (stearic acid) particles, generated by a 
condensation aerosol generator, on the performance of a number of fibrous filters. The 
effects of aerosol particle size, aerosol composition, filter face velocity, filter materia~ 
filter fibre diameter and filter packing density have been studied. Instantaneous upstream 
and downstream filter pressure drop and aerosol concentration readings were recorded 
during loading. Solid and liquid particle loading effects are compared. In addition, grade 
efficiency tests were performed at different stages of filter loading with solid particles 
using polydisperse aerosols of sodium chloride. A new loading model is described and 
proposed. Model predictions are compared with experimental data of the study. In 
addition, a more stable and controllable monodisperse condensation aerosol generator has 
been developed. 
These data have been used to develop and validate two simple models for solid particle 
loading. The first predicts the efficiency-raising factor for the initial loading regime, 
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where predicted data are compared with that of published work and experimental values 
of this study. Predicted data showed good agreement with experimental data from this 
study and reasonable agreement with published data. The second is a straightforward 
loading model, which can predict the filter penetration and pressure drop throughout the 
loading regime, as well as locate the clogging point of the filter. A facility for generating 
grade penetration data at different stages of particle load has also been included in the 
model. Comparison of loading model predicted results with experimental data yielded 
acceptable or reasonable agreement with experimental data. 
The region of liquid particle loading up to the steady state stage have been detennined 
experimentally as a function of a range of variables. Explanations for the observed 
behaviour in terms of possible mechanisms involved are presented. 
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Chapter J: Introduction 
1. Introduction 
The process of filtration is, by definition, a method of removing fme particles (of 
diameters less than 10 lUll) dispersed in a fluid by passing it through a porous medium .. 
The particles may be solid or liquid in nature, and the fluid can be either a liquid or a gas. 
In aerosol filtration, we are primarily concemed with the effective removal of fme liquid 
or solid particles dispersed in a gas phase. The porous medium can be constructed in 
many ways. The most common are fibrous filters, comprised of thin fibres (typically 
ranging from 0.5 to 50 lUll) laid out in an open structure (usually having 90% or greater 
porosity) of random arrays perpendicular to the direction of gas flow. Other filtration 
media include membrane filters and examples of these are described in Chapter 2 of this 
thesis. 
In fibrous filtration, particle collection onto fibres occurs as a result of a number of 
collection mechanisms. The most common of these are inertial impaction, interception, 
and diffusion. Less common mechanisms that can be important in particular 
circumstances include gravitational settling (for very large particles) and electrostatic 
collection (for electrostatically charged filter fibre or particle systems). In this thesis, solid 
and liquid aerosol particle collection onto fibrous media will be presented for particle 
capture in the interception regime. It must be noted, however, that in this regime, inertial 
and diffusional capture mechanisms will also contribute towards the overall collection 
efficiency. 
Regardless of their application, two important parameters are used to quantify filter 
performance: penetration, defmed as the proportion of particles passing through the 
media, and pressure drop, defined as the resistance to gas flow through the media. A third 
parameter, the filter lifetime, is however important in situations where economic or 
practical constraints are key. To date, theory describing the penetration and pressure drop 
for a clean (i.e. minimal particle collection) filter is reasonably well established. In 
contrast, experimental data and theory for advanced particle collection on filters (i.e. 
loading) are less well developed. Most experimental studies in recent years have looked at 
how different operating conditions and specific filter parameters affect loading behaviour: 
for example, face velocity, loading particle diameter, filter packing density and 
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electrostatic effects have been studied. The effect of fibre diameter on loading behaviour, 
however, has so far received relatively little attention. Even less attention has been paid to 
liquid particle loading behaviour. However, so far the vast bulk of data has been obtained 
from systems using polydisperse aerosol loading onto polydisperse fibre filters. Such 
systems cannot generate well-defmed data for realistic model development as 
complexities are introduced by their polydisperse nature. In addition, further complexities 
are introduced when loading filters with liquid aerosol particles, due to the ability of 
liquids to flow and coalesce. Because these complexities cannot be defmed very easily, 
most models developed to date are generally empirical or curve fitting in nature and do 
not account for collection mechanisms involved. 
The development and validation of realistic models of filter loading require clear, robust 
and properly characterised data obtained from monodisperse systems (i.e. both loading 
aerosol and filter fibres are monodisperse). It is necessary, in the fust instance, to carry 
out experiments with solid particles that do not bounce off the fibre surfaces, so that a 
basic model can be evolved. Further work using solid particles that do bounce can then be 
performed to provide additional data to verify and modify this basic model. Experimental 
data on liquid loading behaviour can subsequently be acquired to adapt and validate the 
model further for liquid systems. 
For a loading model to be useful, it should be capable of predicting the penetration and 
pressure drop of a filter throughout the loading regime regardless of the operating 
conditions and filter characteristics. It must also be able to predict the penetration of 
particles other than those being loaded, where the loading aerosol is monodisperse in 
nature. The experimental program of the current studies was therefore structured with the 
objective of gathering a useful database for development and validation of such a model. 
The experimental program has been split into two parts: monodisperse solid particle 
loading onto monodisperse fibre filters with grade penetration tests performed at different 
stages of loading using a polydisperse aerosol, and monodisperse liquid particle loading 
onto monodisperse fibre filters. Loading data has been gathered for a range of operating 
conditions and filter parameters for both systems in the interception particle capture 
regime: face velocity, challenge aerosol size, filter packing density and filter fibre 
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diameter. This study could be extended to the diffusional capture regime by using the 
third filtration rig designed and constructed but not commissioned during these studies. 
Particular attention has been paid to solid particle loading in order to develop a well-
characterised and useful database for development and validation of a basic loading 
model. Experiments studying the effect of fibre diameter on loading has formed a major 
portion of this database to fill a significant void in solid particle loading data, and to 
increase understanding this effect. 
Liquid particle loading behaviour of monodisperse fibre filters was investigated 
experimentally using monodisperse liquid particle aerosols. Previous studies have tended 
to focus on either the initial loading regime or the fully clogged stage of liquid loading. As 
a result, the primary objective of this study was to provide valuable experimental 
information on liquid particle loading behaviour throughout the filter lifetime, so that a 
general picture of such behaviour could be obtained. Future studies could then assess the 
effects reported in this thesis in greater depth in order to generate a well-characterised and 
useful database for adapting the basic loading model of this study to liquid systems. 
This thesis has been structured as follows. Chapter 2 presents a literature review of basic 
aerosol parameters, calculation of filter performance, laboratory methods of aerosol 
generation, particle sizing and condensation measurement; taken from a wide range of 
sources. After a brief introduction describing basic aerosol parameters and types of 
filtration media, the review describes theories and observations relating to clean and 
loaded fibrous filters and granular bed filtration. Granular bed filtration has been included 
because its theory has been applied to solid particle loading in the model developed 
during these studies. In order to measure the filter performance in the laboratory, it is 
necessary to generate an aerosol, treat it prior to filtration, and monitor its concentration 
and size distribution upstream and downstream of the test filter. The last part of Chapter 2 
describes experimental techniques and equipment that are applicable to the current work. 
In some instances, such as in aerosol generation, it was necessary to describe several 
techniques or equipment types as an improved monodisperse aerosol generator has been 
developed during the course of the present work. 
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Equipment selection and experimental techniques used in these studies are described in 
Chapter 3, including an experimental assessment of the performance of two aerosol 
generators and descriptions of the filter testing rigs used in the experimental programme. 
Only one of these aerosol generators was used for the loading work carried out during 
these studies, and this generator was later modified for the solid particle loading 
experiments. Filter media selection and characterisation experiments for clean filters 
selected are described towards the end of Chapter 3. Loading experiments are shown in 
Chapter 4 for both solid and liquid particle loading onto fibrous filters. Grade penetration 
measurements performed on test media using polydisperse sodium chloride aerosols are 
included at the end of Chapter 3 for clean filter media, and in Chapter 4 for clean, 
partially loaded and loaded filter media. Scanning electron microscope photographs of 
solid particle loaded fibrous filters are also included in Chapter 4. Theoretical predictions 
of clean filter behaviour, and the development and results of the loading model (of these 
studies) are presented in Chapter 5. Finally, a discussion of various findings from these 
studies, including recommendations for future studies, is given in Chapter 6. 
The detailed appendices of this thesis include photographs of the solid particle filtration 
rig, tabulated and additional plots of grade efficiency data for clean and loaded filters, as 
well as a description of a third filter testing rig designed and constructed during these 
studies. 
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2. Literature review 
. During the present studies, a large body of literature was reviewed, covering a wide range 
of subject areas within the scope of aerosol research. The literature review described in 
this chapter will focus on subjects· important to the experimental and subsequent 
modelling work carried out during the course of this PhD research. These are as follows: 
o Review of basic aerosol parameters - types of aerosol and important parameters that 
are used to describe them are defined in Section 2.1; 
o Calculation of filter performance - an introductory section describes the importance of 
filtration as a method of gas cleaning, followed by a review of types of filtration 
media. As fibrous filters were evaluated for clean and loading behaviour using solid 
and liquid particle aerosols during the course of the present experimental studies, a 
significant proportion of this Chapter presents a review of published information on 
the relevant subject areas (Section 2.2). Granular bed filtration theory is also included 
in this section, because it has been applied to solid particle loading in the model 
developed during the present studies. 
o Aerosol generation and subsequent treatments - a number of laboratory aerosol 
generation methods are described in Section 2.3. Where possible, the literature review 
has been limited to equipment incorporated onto the experimental rigs of present 
study. However, a more detailed review of condensation methods has been included to 
give the reader some background in the techniques available, primarily because 
performance enhancing modifications were made to an improved monodisperse 
aerosol generator (IMAGE) during the present work. Finally, Section 2.4 describes 
methods used in the experimental rigs for treating generated aerosols prior to 
filtration: aerosol drying and charging. 
o Particle size and aerosol concentration measurement - Section 2.5 describes 
laboratory methods of measuring the particle size distribution and concentration of 
generated aerosols. Particle sizing and concentration measurement methods are 
important in evaluating the filter performance as well as the aerosols generated to test 
them. A number of methods are available, each presenting advantages and 
disadvantages, only those adopted in the present experimental studies are described. 
5 
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2.1 Review of basic aerosol parameters 
Aerosols are defined as suspensions of solid or liquid particles in a gas, such as air. 
-Aerosol stability can vary from a few seconds to more than a year and particle sizes can 
range from 0.001 to more than 100 J..llI1. Several parameters are used to describe aerosols: 
particle size, shape, number concentration and size distribution. Common particle types, 
diameter and shape definitions are listed in Table 2.1 below. Please note that for the 
purposes of convention, particle diameter is referred to as particle size in the remainder of 
this thesis, unless otherwise specified. 
Definition/classification 
Coarse particles varticles of size £reater than 2 urn in diameter 
.. Fine particles particles of size less than 2 lUll in diameter £: aerosols containing solid particles < 1 J..U11, generated by the condensation of 
-1i Fumes vapours or gaseous combustion products 
"f liquid-particle aerosols generated by condensation or atomisation. Particle sizes 
• Mists ... may range from < 1 11111 to 20 I'm in diameter 
Martin's diameter length of a line that bisects a particle into two equal parts 
Feret's diameter distance between two taneents on oDoosite sides of a Darticle 
Equivalent circle diameter diameter of a circle possessing the equivalent projected area of the particle 
or projected area diameter 
~ diameter of an equivalent sphere ofuoit density (i.e. 1000 kg m·') having the 
e Aerodynamic diameter same aerodynamic properties as the particle in question. This implies that 
• particles of any shape or density wiU have the same aerodynamic diameter if :a their settling velocities are the same . .. 
"U diameter of an equivalent sphere with the same density and settling velocity as 
"f 
• Stoke's diameter the particle in question. This parameter accounts for the effect of particle 
... densityL whereas the aerodynamic diameter does not. 
.. Isometric particles possess roughly the same dimensions in 3D space (Cartesian CCH>rdinates) and 
... include regular and rough approximations to spheres and polyhedrals 
• 
.c particles with two long dimensions and a smaller third dimension. Examples w Plates .. include leaves, leaf fragments, scales and discs 
"U 
"f Fibres particles with a significantly larger dimension than its other two. Includes .. 
... prisms, needles, threads and mineral fibres 
Table 2.1: Common particle types, diameter and shape definitions (Hinds [1982j, Reist [1984]). 
Particle diameter or size is the most important parameter in aerosol evaluation. Because 
all aerosol properties have varying degrees of dependency upon it, it is important that it is 
defined accurately and correctly. An aerosol particle is generally assumed to be spherical 
in shape, which is generally a safe assumption for liquid droplets, but not necessarily so 
for solid particles. Martin's and Feret's diameters only apply when averaged over a large 
number of particles, as their values depend on particle orientation and refer to an 
approximate size (when viewing them on a projected image). Generally, Feret's diameter 
will be larger than the projected area diameter, and this will be greater than Martin's 
diameter. Sometimes a diameter is defined in terms of the particle settling velocity, where 
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particles of similar settling velocity are considered to be of the same size, regardless of 
actual shape or size and composition. The most common of these are aerodynamic 
particle diameter and Stoke's diameter and their definitions are shown in Table 2.1. 
Dynamic shape factors may be used to correct both the aerodynamic and Stoke's 
diameters to account for irregularly shaped particles. 
The particle size distribution is dependent on the nature of aerosol generated. 
Monodisperse aerosols are strictly defined by the particle diameter, whereas polydisperse 
aerosols have a range of particle sizes. In addition, polydisperse aerosols require statistical 
methods to accurately characterise them, since physical properties depend very strongly 
on particle diameter. For example, if number concentration measurements were taken 
across a whole distribution and a histogram plotted, an approximately smooth curve could 
be drawn through the peaks. This curve may be described by the normal distribution in 
Equation (2.1). However, for normally distributed data, the mean particle diameter lies at 
the midpoint, with 67% of the distribution lying within one arithmetic standard deviation 
on either side. 
[ ( - )'] I I d -d n(d p ) = cexp-- p p cr. ,,1& 2 cr. (2.1) 
where dp is the particle diameter. In addition, dp is the mean particle diameter and cr. the 
arithmetic standard deviation, given by: 
and cr = 
• 
(2.2) . 
where dpj and nj are the particle diameter and number concentration in interval i 
respectively, and n is the number concentration for diameter dp. For most real aerosols, 
the log-normal distribution function gives a closer agreement: 
(2.3) 
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where dg is the geometric mean particle diameter (GMO) and ag the geometric standard 
deviation (OSD), given by: 
-
Ln; Indpi 
d = exp -"=,,,0 __ _ 
. -
Ln; 
i:O 
and a = g (2.4) 
Fuchs & Sutugin [1966] defined the coefficient of variation of a particle size distribution 
to be less than 0.2 for an acceptable practical degree of monodispersity to hold true. This 
parameter is defined as the ratio of arithmetic standard deviation of the size distribution to 
the mean. In log-normal distributions, the natural logari~ of the geometric standard 
deviation must be less than 0.2, corresponding to ag < 1.25. Practically, this is acceptable, 
although it does depend on the method of particle size analysis. 
2.2 Calculation of filter performance 
2.2.1 Introduction 
It is normal for the earth's atmosphere to have particulates, such as pollens, suspended in 
it, particularly at ground level. Many domestic and industrial processes require that this 
suspended matter is removed from process gases with great efficiency and minimum 
resistance to flow, otherwise process contamination could occur. For instance, face or dust 
masks are used for personal protection to reduce the amount of harmful dusts being 
inhaled by the wearer. These have to be highly efficient and have little resistance so the 
wearer can breathe. In addition, they must form a good seal around the mouth to avoid any 
leakage. Electronic component manufacturers extensively use filters to remove submicron 
particulates from air, since the resulting dust contamination on silicon chips, for instance, 
would occur and render them useless. Similarly, submicron particles must be removed 
before discharging gases to the atmosphere in the nuclear industry as atmospheric 
contamination could occur. In all of these cases, the filter performance can have a 
significant effect on both operating costs and/or public health. 
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The perfonnance of a filter is commonly evaluated in tenns of the resistance to gas flow 
and the fraction of particles passing through. The tenns for each of these properties are the 
pressure drop, Llp, and penetration, P, respectively. A filter may also be assessed in tenns 
of its lifetime, particularly if economic constraints are important. 
Several types of filter media exist (described in the Section 2.2.1) and fall into distinct 
categories depending on the way in which they filter aerosol particles, usually in one of 
two categories: depth filtration or surface filtration. In depth filtration, particles are 
collected throughout the depth of the media by complex collection mechanisms, whereas 
in surface filtration, particles are deposited mostly on the front edge of the filter by 
sieving mechanisms. Figure 2.1 illustrates the difference between depth and surface 
filtration. 
~ 
(a) (b) 
Figure 2.1: Diagram illustrating the difference between (a) depth and (b) surface filtration. 
2.2.2 Filter media 
In fine-aerosol removal, four distinct categories of filter media exist: granular bed filters, 
fibrous filters, fabric filters, membrane filters. The next two sub-sections will now 
describe these filters in tenns of the two main categories of depth and surface filtration 
media respectively. 
2.2.2.1 Depth filtration media - fibrous and granular bed filters 
These comprise of a bed of long thin fibres in a loose. mat and can be used to remove low 
particle concentrations from gas streams to high efficiencies and with low pressure drops. 
The whole depth of the filter is used for filtration and they are nonnally discarded after 
use since they nonnally cannot be cleaned. Similar in operation are granular filters, which 
consist of granules in a porous bed that can be fixed, moving or fluidised. Figure 2.2(a) 
shows a photograph of the type of stainless steel fibrous media used in these studies at 
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20x magnification. Fibrous filters have no clearly defined or regular pore structure. This 
results in random particle collection as gas flows through the media. Both granular filters 
and fibrous filters are known as depth filters and are normally used for pre-filtering gas 
streams, as they possess higher dirt holding capacities than surface filters. In addition, 
they tend to be less efficient, but are cheaper to operate than surface filters. 
2.2.2.2 Surface filtration media· fabric and membrane filters 
These are made from textile fibres that are processed into a fairly compacted form by 
weaving or feIting. They collect particles on the surface, allowing a cake to form and they 
have a high-pressure drop. In this cake, most of the filtration occurs with a limited amount 
of depth filtration. A cleaning process then removes the deposited material or the media is 
discarded. 
Usually only a few microns thick, membrane filters also use surface filtration to remove 
particulates. Figure 2.2(b) shows scanning electron microscope (SEM) photographs of a 
0.45 Ill11 pore diameter PTFE membrane filter (Holdich [1996]). Membrane filters have 
the advantage of possessing a well-defined pore size, pore structure and pore density. 
Nuclepore™ filters are polycarbonate membrane filters manufactured by Costar 
Corporation. They are made by irradiating polycarbonate material and then etched and 
finished. They are particularly useful in particle sizing applications, where a small sample 
of an aerosol may be loaded onto the NucIepore™ filter and analysed later using a 
microscope. Figure 2.2(c) shows SEM photographs of a 211111 pore diameter NUclepore™ 
membrane filter at differing magnifications (Smith [1997]). Notice the regularity of the 
pore size. 
More recently, filtration performances of polyhipe foams have been assessed (Walsh et al 
[1996]) using atmospheric aerosols. The foams may be produced by polymerisation of an 
emulsified mixture of water, polymerisation initiator, monomers, and surfactant. The 
residual water is evaporated off to create porous foam. The water to monomer relationship 
and mixing time strongly affects the pore size, equivalent fibre diameter and packing 
density. Figure 2.2( d) shows a SEM of typical polyhipe foam. Walsh et al [1996] reported 
that for a packing density of about 5%, a typical amount for conventional fibrous filters, 
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the foams were very efficient at removing fine aerosol particles, with particles greater 
than I J.Ul1 being completely collected. 
(a) Photograph of Bekaert ST IOAL3 stainless 
steel fibrous media (shown 
at 20x magnification) 
(b) SEM photograph of 0.45 Jll11 pore diameter 
PTFE membrane filter at 
differing magnifications 
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(c) SEM photographs ofa 2 Jlm pore diameter Nuc1epore™ filter 
10 micron 
5: I water:monomer ratio 
10 minutes mixing 
20: I water:monomer ratio 
60 minutes mixing 
(d) SEM photographs of four typical polyhipe foams, illustrating the variations in pore structure 
for differing mixing times and monomer·water ratios 
Figure 2.2: Photographs fibrous and membrane media 
11 
Chapter 2: Literature review 
The present studies are concerned with the loading of fibrous filters. In fibrous filters, the 
porosity is rarely less than 90%, so a sieving mechanism has little or no part to play in the 
filtration process. Thus a particle must be collected on a filter fibre by a more complex 
mechanism. Many theories exist for clean filter performance, though models describing 
the loading behaviour of a filter are still in their infancy; a number of these theories are 
presented in Section 2.2.3. 
2.2.3 Fibrous filtration theory 
2.2.3.1 Flow fields in fibrous media 
A description of the flow through a filter is crucial in determining both its pressure drop 
and penetration. The true nature of the flow field in a fibrous filter is complex due its 
random structure. However, simplified analytical expressions have been developed to 
describe the velocity components in the proximity of the fibre. These are idealistic and 
cannot take the effect of the randomness of the structure into account. An inhomogeneity 
factor can be applied to take account of this; it is defined later in Section 2.2.3.3. 
Particle capture is more likely if the gas streamlines possess a high tortuosity and pass 
close to the fibre surface. This property increases with the fibre Reynolds' number, Rer, 
the ratio of the inertial and viscous forces, and the filter packing density, ar, defined as the 
volume of fibres per unit volume of media: 
R 
_ p.Uodr 
er - ( ) /l. 1- a.r 
(2.5) 
(2.6) 
where pg and /l g are the density and dynamic viscosity for the carrier gas respectively, Uo 
the filter face velocity (i.e. the gas velocity perpendicular to the filter surface), dr the fibre 
diameter, and Er the filter porosity. Lr. is the fibre length per unit filter volume having the 
fibre diameter dfi. The filter face velocity, Uo, is related to the interstitial velocity, Uj, by: 
U.= Do 
• (1- a.r ) 
_ (2.7) 
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In order to describe the flow field, the Navier-Stokes equation must be solved with 
appropriate boundary conditions: 
!!.V!! = _ Vp + \}g .V2!! 
Pg 
(2.8) 
where u is the gas velocity, p the pressure, VP. the pressure gradient (Vp= Ap/hr, where 
Ap is the pressure drop and hr the filter thickness), and \}g the kinematic viscosity (\}g = 
llg/p g). The left-hand side of Equation (2.8) describes the velocity gradient and the right 
hand side expressions are the pressure and viscous terms. 
Many authors have solved this equation with varying degrees of accuracy with respect to 
the real filter system. The most widely accepted flow fields are those by Lamb, Kuwabara, 
Happel, and Spielman & Goren. More recently, iterative numerical techniques have been 
developed. In all cases, the analytical solutions only include the effect of either Rer or (Xr, 
but not both. As they are derived from simple concepts of a complex system, they are 
relatively easy to use but only offer an approximate prediction of real behaviour. Real 
fibres are not laid in parallel or equidistantly as is clearly illustrated in the photograph in 
Figure 2.2(a). 
Most models predict up to twice the experimental values for the pressure drop and 
penetration, though they are useful in illustrating trends in filter behaviour due to differing 
mechanisms and operating conditions. Normally, an empirical correction term is applied 
to the theoretical predictions. In the following sections, the dimensionless stream function 
in cylindrical polar co-ordinates for non-slip flow around fibres, 1jf, for each case is 
. presented. The general format ofthis function is as follows: 
(2.9) 
where r and a are cylindrical polar co-ordinates, re is the fibre radius, and 1; the 
hydrodynamic factor. The hydrodynamic factor is necessary to account for the effect of 
fibre-fibre interaction on the flow field. In addition, it provides consistency in the pressure 
drop-to-flow rate relationship throughout the filter depth. 
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2.2.3.1.1 Isolated fibre theory 
The simplest method of modelling the flow field uses the concept of an isolated fibre in 
an infinite medium. A full analytical solution of the Navier-Stokes equation is, however, 
not available. Lamb [1911] solved the Oseen approximation of the Navier-Stokes 
equation: 
V'p 2 U •. V'!!=--+'Ug.V' !! 
Pg 
(2.10) 
and was able to include the effect of fibre Reynolds number in his solution, given that the 
Lamb hydrodynamic factor, 1;w is: 
~ = ~L = 2 -In(Ref ) (2.11) 
which is an approximation to his solution and is valid close to the fibre surface. 
It has some application for relatively open filters operated at high face velocities, albeit 
only for a limited range of Reynolds numbers (Rer> 0.2). The vast majority of filters are 
operated at very low Reynolds numbers and at packing densities between 0.02 and 0.10. 
In this instance the packing density influence on the flow field is larger than that of the 
Reynolds number. 
2.2.3.1.2 Cell models 
A cellular model is the more effective method of describing the flow field, where a 
number of cells, each with a single fibre surrounded by an imaginary coaxial cylinder of 
fluid, are considered to make up the filter. The diameter of the cell deduced is from the 
filter packing density since it is this property that governs the proximity of neighbouring 
fibres. Thus each cell can be considered independently and the flow field within the 
envelope may be assessed in isolation from the rest of the media. Happel [1959] and 
Kuwabara [1959] developed a model of this type for flow through banks of parallel 
cylinders. In both cases, the hydrodynamic factor was given as a function of the packing 
density: 
(2.12) 
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(2.13) 
where /;H and /;K are the Happel and Kuwabara hydrodynamic factors respectively. 
Using the assumption that an imaginary cell of radius, b, surrounds each fibre Happel 
[1959] related this to the filter packing density and fibre radius by: 
2 
Ut = ~2 (2.14) 
If the fibres are arranged in a regular array, the imaginary Happel cells overlap as 
illustrated in Figure 2.3. 
Uo 
~ 
ut 
u+. 
Figure 2.3: Happel cell model 
u = , 
u = 
• 
u=uocose 
shearstress =0 
The equation of creeping motion, where Reynolds number is assumed to be zero, was 
solved by Happel for the flow field within the envelope: 
0=- Vp +'ll.V2u 
P -
(2.15) 
Happel assumed zero slip at the fibre surface and zero shear stress at the imaginary cell 
wall in his boundary conditions. Kuwabara used the cell model proposed by Happel, but 
, 
assumed zero· vorticity at the cell wall. In both cases, a general solution for the stream 
function, 1jf, is given by Equation (2.8), using the appropriate hydrodynamic factor given 
in Equations (2.12) and (2.13). The velocity resolutes in cylindrical polar co-ordinates are 
then obtained from: 
lihjI 
u =--
r r oS and 
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The accuracy of the descriptions given by the Happel and Kuwabara solutions for the flow 
field were put to the test by Kirsch & Fuchs [1967]. Kirsch & Fuchs experimentally 
measured the velocities of neutral density spheres contained in a viscous fluid flowing 
through model filters. Their results gave good agreement with predictions using the 
Kuwabara solution, although conformity with the Happel solution was poor. The major 
drawback with both solutions is that there is a step change in the velocity vector at the 
outer boundary condition, which does not correlate with real behaviour. 
Spielman & Goren [1968] proposed a flow field solution based on theoretical analysis of 
hindered settling of a cloud of spherical particles. The solution contained a permeability 
term on the left-hand side of the creeping flow Equation (2.12). In this instance, the 
change in velocity at the boundary conditions is eliminated. The dimensionless stream 
function follows the same basic form as given in Equation (2.13), using the Spielman-
Goren hydrodynamic factor, /;so, for ~: 
(2.17) 
where kl is the permeability, Ko and Kl are Bessel functions of the zero and first order. 
This solution for the flow field is the least commonly used of the four illustrated. 
2.2.3.1.3 Slip flow 
In all of the flow fields solutions described, the boundary condition of zero velocity at the 
fibre surface is assumed. Unfortunately, for fibres of diameter less than 2 f.IJII, there will 
be slip occurring at the surface and this effect must be accounted for in the flow field 
solution. Pich [1966] achieved this by modifying the Kuwabara hydrodynamic factor, ~, 
for finite fibre Knudsen numbers (Knf ~ 0.25): 
(2.18) . 
and (2.19) 
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where Ag is the mean free path of the carrier gas (0.066 IlIll for air at atmospheric 
conditions). 
2.2.3.1.4 Flow through arrays of fibres 
More recently, finite element analysis has been applied to the flow through arrays. The 
major flaw with this, however, is that a network or mesh must be set up throughout the 
field. Continuous stream functions throughout the flow field would offer a better 
alternative. Brown [1984, 1986] presented a stream function for flow through a two 
dimensional array, with the dissipation of energy due to viscous drag at a minimum, 
depending on the chosen boundary conditions of the system. Both packing density and 
Reynolds number are accounted for and the entrance boundary problems in the cell 
models are eliminated. This model may be adapted for non-cylindrical fibre systems and 
includes details on the formation of standing eddies. 
Boundary element method numerical techniques have also been developed. The 
application of this from cylinders to fibres of arbitrary cross section is instantaneous 
without a noticeable increase in complexity or calculation time. 
2.2.3.2 Single fibre efficiency 
Filter penetration is a function of the packing density, ar, filter thickness, he , fibre 
diameter, de, and a dimensionless efficiency term known as the single fibre efficiency, 'I1si: 
P = 1- E = Sw. = exp( -4a,h,'I1'i ) (2.20) 
,Cm ndr(l- a r) 
where E is the overall filter efficiency, Cin and Cout are the upstream/filter inlet and 
downstream/filter outlet aerosol concentrations respectively. The derivation of Equation 
(2.20) is given in Appendix 1. 
Particle collection mechanisms important in fibrous filtration include Brownian diffusion, 
interception, inertial impaction, gravitational settling and electrostatic capture. The single 
fibre efficiency is dependent on these particle collection mechanisms and is taken as the 
sum of the single fibre efficiencies due to each mechanism. This is not strictly 
17 
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mathematically correct, though it is accepted practice since only one or two of the effects 
wi ll be significant at anyone time. Figure 2.4 illustrates Brownian diffusion, interception, 
and inertia l impaction, which are the most dominant in the present studies. Gravitational 
settling and electrostatic capture mechanisms wi ll not be included for their contribution is 
not relevant to the present work. 
Gas streamlines '1 
- : 
--------~-~~~---: 
: 
~ 
.. ~. . . diffusion 
- Q- . interception 
inertial impaction 
Cross section 
of fibre 
Figure 2.4: Singlejibre efficiency due to (1) Brownian diffusion, (2) interception and (3) inertial impaction . 
2.2.3.2.1 Diffusional collection 
This mechanism is important for fine particles, of diameter less than about 0.3 j.!m, where 
Brownian diffusion causes s ignificant deviation from the gas streamlines. Hence there 
will be a finite probability of a particle hitting a fibre and thi s increases with streamline-
to-fibre prox imity. In addition , the collecti on efficiency of sma ller particles will be higher 
for the effect of Brownian motion increases with decreasing size. Similarly, a lower gas 
ve locity wi ll increase the residence time of the particles close to the fibre surface and 
augment the co llection efficiency. Quantitative relationships have been developed from 
approx imate boundary layer method resolutions#, and finite element and trajectory 
computer models. In dimension less fo rm , the behaviour of a diffusing aeroso l may be 
described using: 
Ii a more thorough method, yet sti ll only approximate solutions of the difTus io-convective equation 
18 
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(2.21) 
where c' is the dimensionless concentration, t is the dimensionless time, and Pe is the 
Peclet number, the ratio of convective to diffusive mechanisms. 
, C t c=-
Co 
(2.22) 
(2.23) 
(2.24) 
where C, is the aerosol concentration at time t, Co is the initial aerosol concentration, and . 
DAB is the diffusivity of the particles in the carrier gas, given by the Stokes-Einstein 
equation: 
(2.25) 
where Cc is the Cunningham slip correction, related to the particle Knudsen number, Knp, 
by: 
and 
C, =1 +I.246Kn p +0.42Knp exp(-O.87/Knp) 
2A.g Kn =-
p d 
p 
(2.26) 
(2.27) 
The Peclet number appears in all existing expressions for the single fibre efficiency due to 
diffusion, 'I1D. A widely accepted expression of Stechkina et al [1969] for this is given 
below. This has been substantiated experimentally, particularly. with respect to the 
exponent of the Peclet number. 
2.9 p _y, 
'110 = 1;)\ e (2.28) 
Notice that the hydrodynamic parameter also has an effect on the collection process, 
though it is relatively minor as the concentration boundary layer is close to the fibre 
surface. In addition, the mechanism is insensitive to the particle density, since this 
parameter does not appear in the Stokes-Einstein equation. 
19 
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2.2.3.2.2 Interception 
As illustrated in Figure 2.4, a particle travels along the gas streamlines and it impacts with 
the fibre because of its size. A crucial group for this mechanism is the interception 
parameter, R: 
(2.29) 
The single fibre efficiency due to interception, l1R, is determined theoretically by equating 
the stream function (perpendicular to the fibre at a distance (1+R) from the axis) to the 
respective upstream stream function at distance y from the axis. 
(2.30) 
On application of the Kuwabara field, the single fibre efficiency due to interception can 
easily be shown to be: 
l1R =_1_[2{1 +R)ln{I+R)-{1 + R)+(_I_)] 2~K I+R 
(2.31) 
At fibre diameters of less than 2 IUTI, aerodynamic slip becomes important and thus must 
be accounted for in the single fibre efficiency relationship. Pich [1966] modified equation 
(2.30) for fairly low packing densities, generating: 
2.2.3.2.3 
_ (I + Rt' -(I+R)+2{1+1.996KncXI+R)ln{I+R) 
l1R - 2{-0.75-0.5Inac)+1.996Knc(-o.5-lnac) 
\ 
Inertial Impaction 
(2.32) 
As depicted in Figure 2.4, the particle follows a critical trajectory where it just grazes the 
surface of the fibre, so those that begin travelling inside the critical path are captured and 
those that start outside escape. Thus the efficiency is given by the ratio of the starting 
point of the critical path to the fibre radius. However, particle trajectories are determined 
by Stokes' number, Stk, defined as the ratio of the particle stop distance to the fibre 
diameter in fibrous filtration. 
(2.33) 
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Note that an inertial parameter has been used by some workers and has twice the value of 
its respective Stokes' number. 
Nguyen & Beekmans [1975] used experimental data to generate an empirical correlation 
for the single fibre efficiency due to inertial impaction, 1][. They included the effect of 
both Reynolds number and packing density in their solution. 
Stk'f' (2.34) 
where f is the packing density function, related to the real filter packing density by: 
f = 1 + 4Ctf + 2250Ctr 
2 (2.35) 
The particle trajectory is obviously strongly influenced by the gas streamlines and hence 
the tortuosity of the flow fields. The fibre Reynolds number and filter packing density 
govern this. Existing non-empirical models do not account for the influence of both of 
these as yet, so any expressions for the single fibre efficiency are approximations. 
Generally, inertial impaction becomes an important collection mechanism for particles 
greater than 0.5 J.1IlI. 
2.2.3.2.4 Diffusion & Interception 
An interaction term, to account for enhanced collection due to interception with diffusing 
particles is required in determining the overall single fibre efficiency. The single fibre 
efficiency additional term due to interception with diffusing particles, 1]DR, is given by 
(Hinds [1982]): 
(2.36) 
which is valid for Pe > 100. 
2.2.3.2.5 Inertial impaction & interception 
Interception has to be included in any calculation of the single fibre efficiency due to 
inertial impaction as the capture radius is controlled by this mechanism. Stechkina et al 
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[1969] produced an expression for the single fibre efficiency due to interception and 
impaction, TlIR, for low Stokes' numbers, R < 0.4, and ar< 0.11, based on the Kuwabara 
flow field: 
(2.37) 
where J is the packing parameter, given by: 
J = {29.6 - 280;(0.62 )R - 27.5R 2.' (2.38) 
2.2.3.2.6 Calculation of the overall single fibre efficiency 
As previously mentioned, it is accepted practice to simply summate the individual single 
fibre efficiencies due to each mechanism, hence: 
Tlsi = Tlo + TlOR + 'IlR + TlIR + TlI (2.39) 
Two methods of calculating the overall single fibre efficiency due to diffusion and 
interception have been developed. Descriptions of these now follow. 
2.2.3.2.6.1 Fan model 
The fan model was developed by Fuchs, Kirsch & Stechkina [1973], later reported in 
greater detail by Kirsch & Stechkina [1978], and has been modified more recently by 
Kirsch & Chechuev [1985]. A model filter, consisting of planes of structured randomly 
oriented fibre grids, was used in the development of the theory in order to provide a 
. suitable intermediate between real observations and theoretical predictions. 
Firstly, the Tlsif, the overall single fibre efficiency of the fan model filter, is calculated 
from the individual fan model filter single fibre efficiencies due to diffusion (Tlof), 
diffusion plus interception (TlORf), and interception (TlRf) respectively using: 
(2.40) 
(2.41) 
(2.42) 
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T)/ = (21;f)"1 {(HR)"I - (I +R) + 2(1+R)ln(HR) + 2.86Knt{2+R)R(I +R)"I} (2.43) 
where 1;f is the fan model hydrodynamic factor, given by: 
1;f = -0.5Inar- 0.52 + 0.64Cl{+ 1.43(1 - ar)Knf (2.44) 
which has been derived by solving the flow field for a system of cylinders in a Fan model 
• array. 
The real filter overall single fibre efficiency is then determined by using an inhomogeneity 
factor, Eo, calculated from the media pressure drop, to modify the fan model single fibre 
efficiency. This is found using the following equations: 
(2.45) 
(2.46) 
(2.47) 
Fof = 47t{ -O.5lnCl{ - 0.52 + O.64arrl (2.48) 
and (2.49) 
where F, Fo are the real and theoretical drag forces per unit length of fibre respectively, 
and Fo f is the drag force per unit length of fibre for a fan model filter. 
We notice that inertial impaction has not been included in the Fan model (ref. Equation 
(2.40». This and the appropriate interaction term (i.e. inertial impaction with interception) 
were considered to be less important collection mechanisms during the development of 
the Fan model. If we compare Fan model predicted grade penetrations with experimental 
data obtained during the current study (rer. Chapter 5), we find that the inertial impaction 
• A model filter can be assembled from a number of layers of parallel fibres laid out in a regular fashion, 
such as found in a sieve. The layers in Fan model filters are oriented in a random manner, whereas in the 
model filters used by Happel and Kuwabara, a regular array has been adopted. The structure of Fan model 
filters is therefore a much closer approximation to the structure of a real filter. The Fan model 
hydrodynamic factor, given by Equation (2.44), was determined empirically by the authors. 
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regime is generally over-predicted by the model. So, the assumption of negligible inertial 
impaction contribution in the Fan model can be considered to be reasonable. 
2.2.3.2.6.2 Liu & Rubow model 
This model was initially developed by Lee & Liu [1982], and later modified by Liu & 
Rubow [1990] for fibrous and membrane filters. It is semi-empirical, but relatively easy to 
use as the Fan model intermediate stage is eliminatedt . Experimental results used in its 
development were excellentt . 
The single fibre efficiency calculated is based on the comparison of the Kuwabara flow 
field and experimental data from real filter studies. An inhomogeneity factor of 1.6 is 
included in the result as this gives the best result in the non-slip regime. 
The method uses a modified Peclet number, Pe', and interception parameter, R': 
, -3/ 
Pe =PeCo 72 
R'2 R2 
--=-C 
l+R' l+R R 
where CD is the diffusion coefficient and CR the interception coefficient, given by: 
C - 1 1.996Knf R - + R 
The single fibre efficiency is then determined from: 
(2.50) 
(2.51) 
(2.52) 
(2.53) 
(2.54) 
t We recall that the Fan model calculates the single fibre efficiency for a Fan model filter and then an 
inhomogeneity factor is applied to determine the single fibre efficiency for a real filter. 
I The authors collected a large quantity of high quality experimental data and then used it to validate their 
model. Very good agreement between theory and experiment was found by the authors. 
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The single fibre efficiency can also be determined from: 
Y = 1.6X + 0.6X3 (2.55) . 
where dimensionless variables X and Yare given by: 
X =((l-a, )Pe' )X( R' ) 
~K {1+R'Y, (2.56) 
(2.57) 
Note that for particle diameters, dp, less than approximately 0.05 f.UI1 (X <1.0), an over-
prediction of the efficiency occurs. In an attempt to reduce this over-prediction, Payet 
[1992] proposed a correction to the Liu and Rubow model as follows: 
(2.58) 
where CD' is described as the modified diffusion coefficient, given by: 
(2.59) 
Thus Equations (2.56) and (2.57) then become: 
(2.60) 
• -M • 
Y = TJ'iPe CD R 
{I+R'Y, (2.61) 
In her analysis, Payet [1992] found a much closer agreement of predicted X and Y values 
for X <1.0 with experimentally-derived X and Y data than X and Y values calculated 
using the Liu & Rubow [1990] method. 
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Gougeon [1995] and Gougeon et al [1993, 1994] modified Equation (2.58) further by 
accounting for inertial effects using an empirical expression for the single fibre efficiency 
due to inertial impaction: 
where, 
for 0.5:S; Stk:S; 2.71 and 0.03 :S; Rer:S; 0.25, and for higher Stk values: 
0.0334Stk% 
1]1 = 3/ 
1 + 0.0334Stk/2 
2.2.3.3Pressure Drop 
(2.62) 
(2.63) 
(2.64) 
The fibres forming the media cause the resistance to the airflow through a filter. The 
pressure drop is a measure of this resistance and as most filters are operated in the viscous 
flow regime, where the fibre Reynolds number is low, it is directly proportional to the 
face velocity (as stated by Darcy's law). In purely viscous flow, the upstream and 
downstream streamlines are identical. As the flow rate is increased the relationship 
becomes non-linear as more energy is dissipated§. The transition between purely viscous 
to inertial flow takes place at a fibre Reynolds number of about 0.5 for a fibre immersed 
in an infinite medium. 
For an ideal filter, which is perfectly homogeneous or has equally spaced low packed 
fibres, the pressure drop may be calculated by adding the drag force for each fibre per unit 
area of media. The drag force per unit length of fibre, F, is given by: 
F = F* Uof.l. (1- (Xc) 
where F* is the dimensionless drag parameter: 
I Eddy currents situated behind the fibre (i.e. in the fibre wake) disperse energy. 
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F* = 4lt 
~ 
(2.66) 
The pressure drop is therefore: 
(2.67) 
The Kuwabara hydrodynamic factor (Equation 2.13) is used in Equation (2.66). Note that 
for very small fibres, the effect of slip must be accounted for in Equations (2.65) and 
(2.66). For the slip flow regime (0.081 < Knc < 0.25) and Kuwabara flow, Pich [1966] 
reported: 
F* = 4lt(1 + 1.996Kn,) 
{~K +0.998Kn{-~-lna, + a;')} (2.68) 
Davies [1952] produced empirical expressions for the pressure drop from experiments on 
a wide range of fibrous media, with the packing density ranging from 0.006 to 0.3. 
641l.h,Uoa/,'(I + 56a,') 
6.p d ' , 
(ar <0.02) (2.69a) 
70" h U a I.' (1 + 52a .. ,) 6. - r., 0 , , 
p- d' 
f 
(ar > 0.02) (2.69b) 
Theoretical pressure drop relations for the Happel and Kuwabara cell models can be 
determined directly from the stream function given in Equation (2.9), by using the 
appropriate constants and the theory ofImai [1951]. This was later summarised by Pich 
[1966] as follows: 
6.p= ,{. 1 1 (I-a,')} 
r --Ina--
, 2 f 2 l+a,' 
(Happel) (2.70) 
4a,h,ll.Uo 6.p - -r-----''-.!.:....!!...~---= ___ (Kuwabara) 
- r'{-.!.Ina -~+a __ a,_'} 
, 2 '4 ' 4 
(2.71) 
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It is clear that in real filters Equations (2.66), (2.70) and (2.71) would over-predict the 
pressure drop quite significantly, since the filter structure is random and non-
homogeneous, so an inhomogeneity factor, e, is introduced to allow for this. The 
inhomogeneity factor is a ratio of the theoretical pressure drop, ~Pther. to the true or 
experimental pressure drop, ~Ptrue: 
(2.72) 
e normally varies between 1.13 to 2.45. 
As mentioned in Section 2.4.6.1, Kirsch etal [1973, 1978, 1985] developed the fan model 
in an attempt to improve the models of Happel and Kuwabara. This was a significant 
improvement, however an inhomogeneity factor was still required to bring the theoretical 
prediction closer to reality. 
2.2.4 Granular bed filtration theory 
The physics of granular bed filtration is very similar in nature to that of fibrous filtration. 
However, the targets or collection sites are grains instead of fibres and these are 
commonly assumed to be spheres. As with fibrous filtration, many authors have studied 
the field over the years. For instance, one of the earliest reported granular bed filtration 
studies was by Carman [1937]. 
2.2.4.1 Collection efficiency 
The overall collection efficiency, Egb, here is a function of the single target efficiency, Tisi.b 
(i.e. (y/ Cbi>: 
(2.73) 
where Clb and hb are the packing density and depth of the granular bed respectively, and Cb 
the grain radius. 
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Several reviews of the many expressions used to describe collection mechanisms have 
been reported over the years (e.g. Kennard and Messen [1979], Pfeffer [1979] and Clift 
[1983]). From these reviews and by consideration of the form of expressions described, 
certain equations are preferred due to their acceptable agreement with experimental data. 
Lee & Gieseke [1979] reported the first of these expressions as a series of semi-empirical 
relationships for the single grain efficiency due to each collection mechanism: 
The single grain efficiency due to diffusional collection, 1']D,b, is given by: 
= 2(31t)\e-r, (I-ab) 
1']O.b 4 k 
g 
(2.74) 
with the single grain efficiency due to interception, 1']R,b, in the form: 
_3(I-ab ) Rgb 2 
1'] R.b - 2k (I _ R \M .. 
g gb I 
(2.75) 
where the granular bed theory interception parameter, Rgb, is given by the ratio of the 
particle diameter (dp) and the grain diameter (dg): 
d R = -...L • (2.76) gb d 
g 
and kg and mgb are functions of the packing density of the granular bed (Ub) as follows: 
kg = 1-1.8a/" +~ _0.2~2 (2.77) 
1+2ab m -
gb - 3-3a 
b 
Finally, the single grain efficiency due to gravitation, 1']G,b is: 
_ ppgd/ 
1']O.b - 1811 U 
rg 0 
(2.78) 
(2.79) 
Wilson & Geankoplis [1966] also recommended a relation for diffusional collection: 
_ 4.36 P or, (2 80) 
1']o,b - (1-~) e . 
For interceptional collection, Tardos et al [1979] and Lee & Gieseke [1979] respectively 
proposed: 
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for Re <0.02 (2.SIa) 
for Re > 0.02 (2.SIb) 
Thambimuthuk et al [19S0] later proposed an expression for the single grain efficiency 
due to inertial impaction, l1I.b: 
where the granular bed theory Stokes' number, Stkgb, is given by: 
(
Ppd/UOCc ) Stk,b = .:....!:.I-S"-"-d-=--':' 
"'g g 
(2.S2) 
(2.S3) 
As with fibrous filtration, the overall single grain efficiency can be found by simply 
adding the single grain efficiencies for each mechanism, for example: 
(2.S4) 
Notice that no interaction terms are present in Equation (2.S4). This is because granular 
bed theory is still in its infancy (relative to fibrous filtration theory) and such terms do not 
exist at this stage. Clearly, if close agreement of theory with experiment is to be obtained, 
such terms will have to be developed in the future. 
2.2.4.2 Pressure drop 
The pressure drop through a granular bed can be estimated from the Kozeny-Carman 
equation for low Reynolds numbers (Re) and relatively high values of tXb. 
ISOO:b2J.lghbUo 
oip - ......,...-'-~...:...,..:. 
gb - (I-o:b)'d/ 
For low oftXb systems (tXb< 0.12), the Happel model is more appropriate: 
ISO:b (3 + 2o:J~ ~ghb U 0 
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2.2.5 Loading 
Most filtration theory reported so far has been developed to describe the behaviour of 
clean filters. Particles touching a filter fibre are assumed to adhere and be captured. At 
this stage, collected particles exert negligible effect on the filtration process, where P and 
IIp are independent of time. This stage of operation is known as stationary filtration. 
Dynamic filtration or non-stationary filtration occurs with further particle collection, 
where P and IIp become time-dependent and important changes are observed. In the ideal 
situation, nearly all particles are captured on the fibres, not on particles, as the flow field 
is calculated around smooth fibres. In reality, particles are increasingly captured by 
particles, and after a certain period of loading the filter becomes clogged. 
The present studies are concerned with the loading of solid and liquid particle aerosol 
particles on fibrous filters. A review of the literature on solid and liquid particle loading 
now follows in Sections 2.2.5.1 and 2.2.5.2 respectively. 
2.2.5.1 Solid-particle loading in the dynamic regime 
As loading progresses, particles act as additional collection sites to enhance the filter 
efficiency and increase the pressure drop. Tree-like growths or dendrites develop on the 
fibres to form a finer structure, particularly in terms of the pore size distribution. Clogging 
occurs when these dendrites bridge the gaps between fibres and the filter becomes highly 
efficient. A cake or surface layer develops on the leading edge of the filter. From this 
point on surface filtration occurs in preference to depth filtration and the penetration falls 
to a low level. In addition, the efficiency and pressure drop increases steeply but linearly 
with time. Figure 2.5 shows pressure drop and penetration versus mass load data for 
(nominally) 37.5 lUI1 Melty fibres of differing packing densities where 1.35 lUI1 stearic 
acid particles were loaded at 0.08 m s·1 face velocity (Graef et al [1995]). Figure 2.6 
shows photographs of 1.4 lUI1 stearic acid particle dendrites on 12 lUI1 Bekaert Bekipor® 
WB 12/300 stainless steel fibres taken by a scanning electron microscope (SEM) during 
the present studies. 
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Figure 2.5: Loading data for Meltyfibrous media (df = 37.5 pm, ~= a= 27.5,20.6,12.7,6.6, and 2.2 %). 
Loaded with 1.35 pm stearic acid partic/es at 0.08 m.sI face velocity. Data shown: (a) pressure drop 
versus mass deposited and (b) penetration versus mass deposited (Gmefet al [1995]). 
Solid-particle loading behaviour has been studied by a number of authors. Most studies to 
date have looked at the overall pressure drop and penetration changes observed during 
loading. For instance, the studies of Davies [1970] showed that finer particle structures 
influence the penetration more than those of coarser particles, and DuIlien [1989] reported 
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that larger fibre diameters and less densely packed filters will clog less easily and their 
penetration and pressure drop changes with loading are less dramatic. To the author's 
knowledge, no studies have tried to model this observed behaviour. A number of 
published theories on loading behaviour with respect to filter penetration and single fibre 
efficiency, filter pressure drop, and filter lifetime are now presented in Sections 2.2.5.1.1 
to 2.2.5.1.3. Simulation methods of solid particle loading are presented in more detail in 
Section 2.2.5.1.4. 
Figure 2.6: SEM photograph of 12 pm Bekaert Beidpor@ WB 12/300 stainless steel fibres (~= 1.9%), 
loaded with 1.4 pm stearic acid particles at 0.10 m.s·l face velocity, illustrating typical dendritic structures 
observed during loading (from current work). 
2.2.5.1.1 Penetration and single fibre efficiency 
LaMer & Drozen [1959) were amongst the first to study aerosol loading effects on the 
collection efficiency using wax particles. From their data they produced the following 
relation for expressing the change in penetration with loading: 
Pt = Po exp(-K3M""d) (2.87) 
where Pt is the penetration at time t (for mass load, 0'), Po the initial penetration (t = 0, 0' = 
0), K3 an empirical coefficient, and Mfaced the mass faced onto the filter. 
Similarly, Billings [1966) yielded the following expression to describe the fall in 
penetration with deposition: 
(2.88) 
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where Ks is an empirical constant and NA the number of particles per unit fibre surface 
area. However, these expressions are empirical in nature and merely curve fits for loading 
up to the point of filter clogging. In addition, there is no attempt to include filter or 
aerosol parameters. 
Radushkevich [1964] developed a more sensible approach by accounting for the effect of 
particle collection on the single fibre efficiency (1]'i), utilising a particle collection 
efficiency term (1]p); since the collection efficiency is strongly dependent on the amount 
of particle loading. 
(2.89) 
where ~ is an empirical constant and crdep is the dimensionless mass load within the 
filter. Further manipulation of Equation (2.87) lead to: 
(2.90) 
At the same time, Kimura & Iinoya [1964] approached the problem by assuming that the 
efficiency rose according to effective increases in fibre diameter, for the inertial regime. 
The change or incremental rise in single fibre efficiency (Lll1'i) corresponding to each 
increase in fibre diameter was deduced from published data to give: 
(2.91) 
where 1]1 is the single fibre efficiency at mass load cr, 1]0 the initial single fibre efficiency, 
and tM the time needed to load the filter to cr. 
However, in most of the cases described above, only the overall single fibre efficiency is 
considered. As particle collection occurs randomly and unevenly throughout the depth of 
the filter and varies with time, it is necessary to consider the filter as a series of thin 
layers. The collection efficiency of each layer, 1]" is a function of the single fibre 
efficiency and local loading, cr. Numerical integration and a simple mass balance may 
34 
Chapter 2: Literature review 
thi:m be used to calculate the overall behaviour, provided that this function is known. One 
way of detennining this function is by gathering experimental data on filter perfonnance 
with increasing aerosol load and correlating it. Yoshioka et al [1969] proposed a 
correlation of this type for the initial stages of loading: 
(2.92) 
where k' is the efficiency raising factor, which was shown to be independent of Stokes' 
number (Stk) and constant at 5. Radushkevich & Velicho [1962] derived a theoretical 
expression for k'. Myojo et al [1984] loaded layered filters and showed that the layer 
efficiency could be expressed as a function of mass deposited per unit volume of filter and 
initial collection efficiency at the same operating conditions. k' was found to fall with 
increasing Stoke's number and the interception parameter (R) showed no effect. This 
work was extended later by Japuntich [1991] and Japuntich et al [1994, 1997], who found 
that k' is inversely proportional to 1],;. Japuntich [1991] measured k'1],; as 0.05 ml kg-I 
for a limited range of variables in the inertial interception regime (0.007 < 1],; < 0.2): 
(2.93) 
Equations (2.87) to (2.93) only apply to the earlier stages of loading, however, so a more 
complex illustration of the process is necessary for further particle build up in the filter. 
Combined statistical and trajectory analyses have been performed, assuming simple rigid 
. dendritic structures. Monte-Carlo simulations have been applied using the Kuwabara 
model to describe the flow field. A major problem with this is that the effect of deposited 
particles on the flow field is ignored, restricting the use of the models to only the initial 
stages of loading. 
Kanaoka et al [1980, 1983] and Myojo et al [1984] studied dendrite formation with 
monodisperse particles, showing that the collection mechanism in play during loading had 
a dramatic effect on the shape of the dendrites (Figure 2.7). Brown and Wake [1999] 
further developed this approach by incorporating the local mass load at the clogging point, 
Oclog. Banes & Schollmeyer [1987] similarly looked at dendrite fonnation using 
polydisperse particles. 
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Figure 2.7: Effect of collection mechanisms on dendrite shape with loading. Pe refers to the Peclet number. 
Stk is Stoke's number. and R the interception parameter (Kanaoka et al [1986]). Regions (a) to (e) are 
described below. 
Moving from left to right of Figure 2.7, we notice that: 
(a) pure diffusional collection gives an even cover of particles around the fibre and the 
value of Pe is small; 
(b) the combined effects of diffusional and interceptional capture on dendrite growth can 
be seen here, where more particles are captured towards the front and sides of the fibre 
and a smaller number are collected at the bottom edge; 
(c) pure interceptional capture shows dendrites growing outwards from the front side 
edges of the fibre, where the value of Pe approaches infinity and Stk is small; 
(d) the combined effects of interception and inertial impaction result in dendrites growing 
upwards and outwards on the front and side edges of the fibre; 
( e) in pure inertial impaction particles are collected on the front edge of the fibre, and Stk 
approaches infinity. This effect was reported earlier by Tien et al [1977]. 
Generally, an increase in R results in a more loosely packed structure of the dendrites. 
Payatakes and Tien [1976] presented a series of kinetic equations to describe dendritic 
growth during loading. Later modifications to the theory of predicting transient behaviour 
of fibrous filtration with loading were reported later by Payatakes and his co-workers 
(Payatakes [1976], Payatakes et al [1977], Payatakes and Gradon [1980], and Payatakes 
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and Okuyama [1982]). In their model, Payatakes and Tien [1976] proposed the use of an 
idealised dendrite configuration as an approximation to the true dendrite geometry. This is 
illustrated in Figure 2.8 for (a) a typical real dendrite, and (b) an idealised dendrite. 
Figure 2.8: Dendrite geometry of (a) a typical real dendrite and (b) an idealised dendrite. A set of numbers 
are used to describe (b): (mJk = I, 2, ... n, where rn, is the number ofpartic/es in the kth of a dendrite. 
The authors assumed that the idealised dendrite had a number of layers of uniform 
thickness that was equal to the particle diameter. In addition, they assumed that any given 
particle was placed entirely within a layer. The authors deduced that the dendrite growth 
kinetics could be described by a set of differential equations with (mk)k = 1; 2, ... as the 
dependent variables and time, t, as an independent variable for a specific location in a 
collector. 
2.2.5.1.2 Pressure drop 
Using collected data from various types of filters as a basis, Davies [1970] found that the 
rise in flow resistance of a filter during loading by solid particles of constant size 
distribution could be expressed by: 
6.p, = exp(-K.t) 
6.Po 
(2.94) 
where 6.po and 6.Pt are the pressure drop at time, t = 0 and t = t respectively, ~ is a 
constant and is valid for filters with fairly narrow pore size distributions. However, as 
with the early expressions for penetration change with loading, the above expression is 
empirical in nature and a mere curve fit for loading up to the point of filter clogging and 
there is no attempt to include filter or aerosol parameters. 
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As mentioned before, Kimura & Iinoya [1964] assumed that the efficiency rose according 
to effective increases in fibre diameter for the inertial regime. They produced a pressure 
drop relationship in addition to their incremental rise in single fibre efficiency relation 
(Equation (2.91» to describe the incremental rise in pressure drop with loading: 
(
4F·<x,h'I1.Uo)( ) IIp, = 3 d, + lld, 
need, . 
(2.95) 
where Ildr is the increase in fibre diameter, determined from the mass deposit and the 
fractional volume of space (Odep) that this volume of aerosol deposit has occupied (V dep). 
Experimental data from loading of carbon, silica, and talc test dusts showed that V dep is 
directly proportional to Odep: 
V 0.8 U dep De dcp (2.96) 
The semi-empirical relationship gave good agreement for some of their experimental 
results, particularly for methylene blue aerosols. 
Kirsch & Lahtin [1975] and Dvukhimennyi et al [1985] approached the problem of 
predicting the filter pressure drop at elevated loadings in a similar way. They focused on 
the effect of deposited aerosol on the overall packing density, <It, which is the sum of the 
initial or clean filter packing density and the packing density due to deposited particles, 
Odep. They assumed that: 
(2.97) 
where Edep is the porosity of the aerosol deposit. The factor of 2 in Equation (2.97) allows 
for aerosol deposit only occurring on one side of the fibre. Kirsch and Lahtin [1975] 
found that Edep varied between 0.99 to 0.8. More consistent values were obtained by 
Dvukhimennyi et al [1985], averaging at about 0.92, showing some agreement between 
theory and experiment. However, the problem remains that these expressions are still 
empirical in nature and are limited to the earlier stages of loading. 
A more sensible approach was made by Kanaoka & Hiragi [1990], who extended the 
earlier work of Kanoaka et al [1980, 1983] by proposing a model to predict the pressure 
drop of a dust loaded filter. Their model was based on drag theory and derived from 
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growth patterns of dendrites on a cylindrical fibre of a model filter. An effective fibre 
diameter (df,m) and a drag coefficient (Cd,m) at the loaded condition for each collection 
regime were correlated with the dimensionless accumulated volume of particles on a fibre 
(Vc). The model is applicable for any filtration regime if the loaded fibre effective fibre 
diameter and drag coefficient are given as a function of accumulated volume of captured 
particles. Good agreement between experimental and theoretical results was reported for 
model filters, with a reasonable agreement being observed for real filters. The model 
accuracy was found to improve if the filter structure was well defined. Experimental 
observations showed that the rate of increase in the effective fibre diameter with loading 
underwent three stages, irrespective of the collection regime: 
o No growth - at very low Vc. 
o Rapid growth - at moderate Vc. dr.m is a linear function of Vc: 
dr,m =dr (I+K,Vc ),whereK7 is a constant and Vc =_eJ_. 
arP. 
Dampened growth - at large Vc. dr,m is proportional to V c.!i . 
The dendrite growth rate was determined by the collection mechanism as follows: (a) 
fastest for diffusional collection, (b) moderate for interception, and (c) slowest for inertial 
impaction. In addition, the drag coefficient was found to be large for low face velocities. 
The rate of change in pressure drop was given by: 
(2.98) 
where hr.; is the depth from the filter inlet and Cd,O the initial drag coefficient. 
Studies by Baumgartner & Loeffler [1987a, 1987b) looked at particle loading on 
electrostatically charged filters and Banes & Schollmeyer [1987) investigated the effect of 
particle rebound. Both investigations utilised three-dimensional modelling techniques to 
describe the loading behaviour, involving a large amount of computing time. Both models 
only apply to the early stages of loading, as flow changes due to dendritic growths were, 
again, not accounted for. Conversely, Filippova & Hanel [1996) did include the influence 
of deposit and fibre-fibre intersections on the flow field, however this requires a huge 
amount of computing time. 
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Once clogging has occurred, a filter cake develops and the pressure drop increases linearly 
with aerosol load, as in surface filtration. For a fully clogged filter, where a surface cake 
has developed, the pressure drop across the filter using the Kozeny-Cannan equation may 
be described by Equation (2.85) (Japuntich et al [1994, 1997]). Kirsch & Lahtin [1978] 
measured cake porosity, Ecake (= 1 - IX.:ake), directly for a variety of dusts. They showed that 
this could vary between 0.7 and 0.93, depending on the dust properties and collection 
mechanism. From his experimental data and Equation (2.88), Japuntich [1991] reported a 
value ofe.:ake of 0.875 for a bed of particles fonned by sedimentation. 
Further information about a filter cake may be found in publications relating to bag 
filtration, where the growth and properties of the cake have a strong influence on the 
economics of the process. Gupta et al [1993] studied the effect of humidity on loading 
behaviour of HEPA § filters with solid particles. They proposed the following relation to 
describe the pressure drop after cake fonnation on the media surface. 
(2.99) 
where: (2.100) 
and: (2.101) 
where ~p" ~po are the total (at mass load Mdep) and initial pressure drops across the filter 
respectively, ~Pcake the pressure drop across the filter cake, ~ep the mass deposit per unit 
cross-sectional area of filter faced, K7 the filter resistance. Ks is the cake resistance and is 
derived using Stokes' Law: 
K. (2.102) 
and is valid for aerosol spheres with a particle-particle spacing that is wide enough for gas 
flow around a particle to be unaffected by neighbouring particles. In reality, this is simply 
not the case as particles do touch each other and the gas streamlines are affected by 
neighbouring particles. Thus, the increase in the real pressure drop tends to be greater than 
expected from Stokes' Law. A resistance factor, RL, must therefore be used to account for 
the difference between theory and reality: 
I high efficiency particulate air 
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(2.103) 
, 
where K, is the cake resistance of a real system. RL is always greater than unity and 
increases in value as the porosity of the filter cake falls. Conversely, RL approaches unity 
with increasing cake porosity. 
Comparison with Equation (2.85) shows that ~ is given by: 
RL = 10 (1- e",,;) 
(e,.,,,) 
where the constant I 0 is an empirical constant. 
(2.104) 
Leith and Alien [1986] reviewed fabric filtration and reported that Equation (2.104) 
should not be used for eeak. >0.7. Rudnick and First [1978] used the Happel model 
(Equation (2.86)) to develop the following expression for RL in an attempt to avoid the 
need for an empirical constant: 
3 - 4(1-e".;f -3(1-e""S (2.105) 
However, in the derivation of Equation (2.89), Happel assumed a perfect system with 
equidistant particles. By the nature of the formation of the bed, this cannot be true. Either 
Equation (2.104) or Equation (2.105) could be used to back calculate an effective 
voidage. 
Williams et al [1940] loaded bag filters with various particle sizes and compositions. 
They identified differences in filter cake behaviour and found that the pressure drop 
increased linearly following cake formation. Similar loading behaviour was observed by 
Smith & Suprenant [1953]. In addition, they found that certain loading conditions 
promoted a non-linear response in the pressure drop increase with load, indicating that the 
cake formed was compressible. 
Adley & Wisehart [1961] were amongst the first to study the effect of particle size on 
loading, finding that the pressure drop response was much more significant for smaller 
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sizes. For instance, 0.5 ).tIll salt particles were found to clog the filter four times faster 
than the 5.5 ).tIll natural dust particles loaded, for the same filter parameters & operating 
conditions. 
More recently, Trottier [1996], Trottier et al [1991], Japuntich [1991] and Graef et al 
[1995] have produced more conclusive evidence of this behaviour. Trottier [1996] and 
Trottier et al [1991] used salt particles between 0.07 and 0.6 ).tIll. Japuntich [1991] and 
Graef et al [1995] used high concentrations of stearic acid particles in the range of 0.5 to 4 
).Ull. 
2.2.5.1.3 Filter lifetime 
The filter lifetime was mentioned previously as another important parameter in fibrous 
filtration. Blasewitz et al [1951] presented empirical predictions for filter life, tOp" based 
on loading data from filtration of polydisperse smoke aerosols on fibreglass fibrous filters. 
Similar relations produced by Thomas [1952] included a clogging coefficient, Kc: 
t =A .. Sln[ ~~p. 1 Op, f KC Q 0.5 
• t f 
where Qc is the volumetric flowrate, related to the face velocity by: 
U=~ 
o A 
f 
(2.106) 
(2.107) 
It is clear from Equation (2.1 06) that an allowable pressure drop limits filter life. The 
process in which the filter is applied will dictate this pressure drop. In general, the filter 
lifetime can be improved by controlling or changing filter properties, such as fibre 
diameter distribution, combination of packing density distribution and so on (Kanaoka 
[1998]). 
The clogging point can be a more effective method of describing the filter lifetime, since 
it is a function of particle load and occurs when particle load onto a filter has caused that 
filter to clog (a cake develops on the filter surface afterwards). It is an extremely 
42 
~------------------------------------------------------------ ---------
Chapter 2: Literature review 
important cost parameter since the filter medium would need changing soon after 
; 
clogging has occurred. However, almost nothing has been published on this parameter. 
Looking at Figure 2.5, we can see that the filter packing density strongly affects the rate at 
which the filter becomes clogged: the greater the packing density the faster the clogging, 
as there is less space available to fill with deposit. The experimental findings of Japuntich 
et al [1994, 1997] showed that the load required to cause clogging is directly proportional 
to the filter pore diameter (dpore), and is independent of particle size in the inertial 
interception regime; this is illustrated in Figure 2.9. 
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Figure 2.9: Mass deposited versus loading particle diameter after clogging on afibrousfilter (Japuntich 
(J991]) 
2.2.5.1.4 Simulation of solid particle collection on fibrous filters 
The ability to accurately simulate particle collection on filtration media throughout the 
loading regime is important This is especially true for economic evaluations in new 
process designs, in which filter media may be needed to clean process gases. An accurate 
model can predict the probable lifetime of a designed filter and give an indication of the 
likely operation cost to the process due to media replacement. Many authors have 
attempted to simulate solid-particle loading behaviour over the years, however many of I 
these models are limited to the earlier stages of loading and are still highly empirical in 
nature. This section describes more advanced simulation techniques, developed in recent 
years, within the scope of solid-p~rticle loading onto fibrous filters, and has been split as 
follows: the stochastic and macroscopic modelling of loading in fibrous filters, and 
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granular filtration of monodispersed aerosols. Similar techniques to those described have 
been adopted in the development of the loading model of the present studies. 
2.2.5.1.4.1 Stochastic and macroscopic modelling of loading in fibrous filters 
Stochastic simulation of fibrous filtration presents a thorough and direct method of 
theoretically predicting loading behaviour. In real systems, stochastic simulation results 
tend to overestimate the extent of filter loading behaviour due to the lack of certain 
information, for example: 
00 As the amount of deposition becomes large, the geometry of filter elements becomes 
irregular and hard to characterise. It is therefore difficult to consider changes in the 
flow field around filter elements in a loaded filter. 
00 Current theoretical knowledge does not allow a qualitative prediction of the outcome 
of impaction of a particle on a fibre surface, particularly if particle bounce is in effect. 
Advanced theories, such as those developed by Dahneke [1971, 1972 and 1973] are 
often too complex to apply due to lack of availability of numerical values for material 
constants used in his theory. 
Recently, Podg6rski [1998] has developed a macroscopic model of monodisperse solid-
particle aerosol loading onto fibrous filters. Podg6rski [1998] looked at two-stage aerosol 
filtration in his method, using the model developed by Brown and Wake [1999] as a basis, 
who in turn used the Kanaoka technique (Kanaoka et al [1980]) in their model 
development. In contrast to previously described models, this model applies to the entire 
range of loading. No reentrainment (or reemission) of deposited particles was assumed in 
his analysis. 
In this model, the macroscopic behaviour of both clean and loaded filters is governed by 
the mass balance equation: 
(2.108) 
where C is the concentration of particles in the gas phase (in mass or number of particles 
per unit volume), and (J is the concentration of deposited material in the filter (in the same 
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units). The term, ~~, represents the local rate of deposition as a function of space and 
time. For the no deposited particle re-entrainment condition, the kinetic equation for the 
rate of deposition may be written in the form (Podgorski [1998]): 
ocr at = AVoC<p( cr) (2.109) 
where A. is the clean filter coefficient and the function cp( cr) describes the variation of 
deposition rate with filter local loading. 
In depth filtration, most of the mass is concentrated in the upper layers of the filter media, 
whereas in surface filtration, particle capture occurs on particles already collected on the 
filter surface. A surface deposit therefore builds up to form a cake and there is negligible 
penetration of the aerosol within the filter depth. A transition stage of loading also exists, 
from depth filtration to surface filtration. Here a small fraction of incoming particles is 
collected within the material and a major proportion of particles is captured on the filter 
, 
surface. 
Podgorski [1998] proposed the following generalisations in order to account for the 
transition between depth and surface filtration: 
cr 
cp(cr) = 1+-. 
cr 
for cr5crc 
for cr~crc 
(2.1 lOa) 
(2.110b) 
where cr* characterises loading during the depth filtration stage, crc is the critical loading 
at the instance of transition to surface filtration, and a is a dimensionless factor of 
acceleration during the surface filtration stage. Up to Equation (2.11 Oa), the work is very 
similar to initial loading theory already proposed by earlier workers. 
By adopting the method of Herzig et al [1970], Podgorski [1998] found an analytical 
solution to Equations (2.1 08) to (2.11 0). This solution can predict the variation of 
penetration with time as follows: 
Stage I «($0: P~t) = 1+ exp(i)[exp(NJ-I] (2.111a) 
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Stage 2 (QtJ: (2.ll1b) {( ~'+-J + (\++:') exp(I+a)~-l.)]} 
where x, is the dimensionless position of the cross-section separating zones of Stages 2 
and I (where cr(;1,)=cr.) and is a function oftime: 
where the constants t. t •. cr,. t* and NL are expressed as: 
_ t 
t=. 
t 
t. =-4= In(1+ cr.) 
t 
- ~ a = • 
, cr 
These constants can be found easily from experimental data as follows: 
(a) NL = -lnP. where Po is the initial penetration; 
(2.112) 
(2.l13a) 
(2.l13b) 
(2.l13c) 
(2.l13d) 
(2.l13e) 
(b) tl, is the slope of the curve In( I ~ P) versus time for the depth/first stage of loading; 
(c) to is the time at the point where the curve Ine ~ P) versus time begins to deviate 
from the straight line during Stage I; 
(d) a is determined from the slope of the curve In( I ~ P) versus time for Stage 2. 
Podgorski [1998] fitted this simple model to experimental results of Japuntich et al [1994] 
and Brown and Wake [1999] and found excellent agreement. Brown and Wake [1999] 
found good agreement with their model for Stages I and 2 only as they did not account for 
the intermediate stage in their analysis. Brown and Wake [1999] did however report 
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discrepancies in the case of lightly and heavily loaded filters, although they showed 
general agreement with predictions. 
However, despite the fact that these models give good agreement with experimental data, 
they are still mere curve fits to experimental data and they take no account of the 
mechanistic phenomena involved. The approach of applying granular bed filtration theory 
in predicting loading behaviour would present a more realistic method than this curve 
fitting technique, since the effect of dendrites on the flow field would be taken into 
account. 
2.2.5.1.4.2 Granular filtration of monodispersed aerosols 
Particle-particle collection in the loading of fibrous filters becomes increasingly important 
as loading progresses, particularly after the filter becomes clogged, where surface 
filtration predominates. Comprehensive methods for predicting particle-particle loading 
behaviour in fibrous filters have only begun to appear during the past decade. The most 
comprehensive methods have been reported by Walata et al [1986], Takahashi et al 
[1986], and Jung and Tien [1991], however these methods still remain semi-empirical in 
nature. 
Walata et al [1986] proposed a procedure for extrapolating information on the effect of 
deposition on filter performance from pressure drop and downstream filter concentration 
data. Using the assumption that deposition is uniform, the extent of deposition for a 
monodisperse aerosol may be expressed as an average specific deposit, 0', for a granular 
filter of length hb: 
(2.114) 
. h th d' dp WIt e average pressure gra lent, dz : 
dp Ap 
-=-
dz hb 
(2.115) 
Takahashi et al [1986] proposed a unit collector efficiency (ii) term for uniform particle 
deposition as follows: 
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_ (C)lh. TJ=I- -=-
Cio 
in which ( is the axial distance corresponding to a single unit collector, given by: 
(= 7t d ( )
1, 
6(1-£r.o) • 
where dg is the grain diameter and £r.o the initial porosity of the filter media. 
(2.116) 
(2.117) 
Equations (2.114) to (2.117) were then applied, together with known data for the outlet 
concentration and pressure drop, to produce the following empirical relations: 
(2.118) 
(2.119) 
where TJo and (d~J are the initial values of ii and (d%z) . The empirical constants 
at, a2, /3t, and /32 generally depend on the length of the filter. These constants can be 
evaluated from the outlet concentration and pressure drop data using filters of different 
heights. The values of these constants at zero height can then be obtained by extrapolation 
to produce relationships between the increase in unit collector efficiency or pressure drop 
with the extent of deposition, cr. 
Jung and Tien [1991] studied the techniques of the uniform deposition assumption and 
those ofWalata et al [1986] and Takahashi et al [1986] in further detail and found that if 
the filter height is sufficiently shallow (h~IO£), simulation results obtained using these 
two techniques become identical. Jung and Tien [1991] proposed the following semi-
empirical expressions from data collected during their study: 
(2.120) 
where: 
(X2 = 0.4416Stk -o.3469R 0.2397 (2.121a) 
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at = 0.09545Stk -w8R •. 4322 103«, (2.121b) 
and: 
(2.122) 
~2 = 3.5134Stk-<l··92'R·2748 (2.123a) 
(2.123b) 
Jung and Tien [1993]. and Wu and Tien [1995] later applied this theory to polydisperse 
aerosols by using experimental data to verify predicted values. 
2.2.5.2 Liquid-particle loading in the dynamic regime 
As liquid particles are captured on fibres. liquid migrates to form pools of liquid. 
normally at fibre-fibre intersection points. These 'liquid bridges' act as additional 
collection sites in much the same way as solid particles. however this is where the 
similarity ends: as more liquid is collected. the pools become larger and further liquid 
migration occurs. Confocal microscopic techniques. developed by Lange et al [1993]. 
have been used to illustrate this behaviour (Gougeon et al [1994]. Gougeon [1995]); as 
shown in Figure 2.10 for IIllII Pall filters at various stages of mass load at Uo = 0.1 m S·I. 
Liquid-particle loading behaviour is much more complex than for solid-particles. Part of 
the experimental work carried out in these studies has observed this behaviour from clean 
to fully wetted# stages of mass load with high concentrations of di-ethyl sebacate particles 
on stainless steel fibrous filters (Scurrah & Stenhouse [1997]). This will be described in 
more detail later. However. the filter does eventually become clogged and a sharp increase 
pressure drop is observed similar to that in the solid-particle loading case. Surface 
filtration also occurs. but with a liquid film developing on the fibres at the front edge of 
the media instead of a cake. Figure 2.11 illustrates the difference between solid and liquid 
particle loading. Figure 2.11 (b) is illustrated in photographic form in Figure 2.12 for a 2.7 
• i.e. with substantial liquid saturation. Most industrial processes operate at this condition. 
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>Lm fibre diameter ' formette ' filter sample partia lly loaded with glycerin at 0.1 m S·I face 
ve locity (Gougeon et al [1 994] , Gougeon [1995]). 
After sufficient loading, an equilibrium condition occurs on the filter. This is equivalent 
to the "clogged" state observed in sol id-parti cle loading, however in thi s case operation of 
the filter may still occur for some time, prov ided that the pressure drop across it is not too 
great. The extent to which the liquid film develops in this state is highly dependent on the 
presence of surface-acti ve agents coated on the fibres. 
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Fig ure 2. I 0: CO II/ocal microscope photographs 0/ I 11111 jibre diameter Pall jilter samples loaded with 
glycerin at 0.1 m S·I face velocity. Different stages shown are: (a) clean, (b) low mass load, and (c) high 
mass load (Gougeo" et 01 [1994). Gougeoll [1 995}J. 
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(a) solid-particle loading (b) liquid-partic le load ing 
Figure 2.11 : Diagram showing the difference between (a) solid-particle loading, with dendritic growths 011 
the fibres; and (b) liquid-particle loading, with liquid bridges collecting at fibre-fibre intersections. 
Figure 2. 12: Con/ocal microscope photograph illustrating liquid bridge existence 0 11 a partially loaded 
flbrol/sfllter (Gol/geoll et 01 [1994j, GOl/geon [1995j). 
Fairs [1958] observed liquid distribution on single fibres, coated with surface-active 
agents, prior to complete fibre wetting'. Liquid is collected as droplets, as illustrated in 
Figures 2.13 (a) to (c) for various stages in load ing. The amount of liquid "spread" was 
dependent on the surface-active agent used to coat the fibres. It is commonly expected that 
liquids that wet the fibres would produce a more uniform film on their surfaces, as 
illustrated in Figure 2. I 3(d). 
Fairs [1 958] reported that dropwise collection produced higher collection efficienc ies than 
filmwi se under hi s experimental conditions (Uo ~ 0.09 m S· I, dp ~ 2 , .. un). Deposition by 
diffusional and interception mechani sms were primarily responsible here. The surface 
. wetting in this context refers to zero contact angle, 8, of the liquid with the fi bre. 
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area available for collection included uncovered fibres and collected liquid droplets. This 
becomes larger for dropwise liquid di stribution than filmwise. Conversely, Kolganov & 
Radushkevich [1967] and Mohrmann [1970] found that collected liquid reduced 
efficiency. This phenomenon, however, was only observed for very low packing density 
filters or filters with large fibres. Otherwise, effic iency rose with increasing mass depos it. 
Note that these studies were limited to the diffusional collection regime. 
(a) (b) (c) (d) 
Figure 2. /3: Col/ec/ioll of liquid 0 11 fibres. Dropwise col/ec/ioll is showlI ill (a) 10 (c) with liquid of a: (a) 
low conlaCI angle. (b) medium comacl angle, (c) large contact Gflgle. Shown ill (d) :filmwise collection . 
Liew & Conder [1 985, 1989a, 1989b] loaded fibrous and sintered media with I lAm 
geraniol aerosol particles at high face ve loc ities (0. 1 to I m S·I) to the fully wetted" stage 
of loading only. The filter operated at a constant liquid saturation (a fraction of the 
original vo idage replaced by liquid) and an equilibrium condition existed between 
loading, drainage, liquid relocation and poss ibly re-entrainment§ The most dominant 
co ll ect ion mechanisms here were inertia l impaction and interception. In thi s case, the 
authors reported that the effect of fibre diameter on loading becomes more significant 
than surface area, and liquid saturation is less dramatic in this regime. In addition, they 
deduced that efficiencies for dropwise and filmwise co llection would not differ too 
dramatically after contemplating that the surface energy required to remove liquid from a 
fibre surface is less for a high contact ang le than for a low contact angle. Their initial 
11 i.e. a zero contact angle for the vast majori ty of tests conducted 
f no conclusive evidence exists on this property 
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studies, Liew & Conder [1985] showed that the pressure drop and liquid saturation were 
lower for dropwise collection. They also showed that collected liquid produced a rise in 
efficiency in the inertial impaction and interception regimes and dropwise collection did 
not exhibit any significant advantage over filmwise. Microscope analysis on liquid 
distribution within their filters showed that the extent of wetting was highly dependent on 
packing density for a constant contact angle and fibre diameter. This behaviour was 
consistent with the distribution observed by Gougeon et al [1993] and Gougeon [1995], as 
illustrated in Figures 2.l0(a) to (c). Packing densities greater than 4% were reported to 
have a significant proportion of liquid bridges, where liquid filled smaller interstices 
between fibres rendering them unavailable for gas flow and hence aerosol collection. At 
lower packing densities « 4%), the interstices were much greater with clearly defined 
droplets primarily present and the rest of the fibre length remained virtually 'clean'. 
In their modelling of this behaviour, Liew & Conder [1985, 1989a, 1989b] adapted the 
Kuwabara flow field using modified versions of governing parameters for the collection 
efficiency and adopted the Stenhouse [1975] expressions to calculate the overall single 
fibre efficiency. These parameters were defined such that they were consistent with 
observed liquid distribution. Studies by Payet [1992] and Gougeon [1995] dealt with 
relatively low mass loads in the diffusional and inertial regimes. Payet [1992] adapted the 
Liu & Rubow [1990] model for diffusional deposition by modifying governing parameters 
for the collection efficiency in a similar way to Liew & Conder [1985,. 1989a, 1989b]. 
Gougeon [1995] similarly produced a model for the inertial regime. These models will be 
described shortly. 
Attoui [1994] studied loading behaviour of fibrous filters at low operating pressures using 
di-octyl phalate (DOP) aerosols at 0.02 to 0.40 m S·1 face velocities. 'Formette' filters of 
the same type used by Payet [1992] and Gougeon [1995] were tested. Experimental 
results agreed well with a low-pressure adapted form of the Payet model (payet [1992]) 
for operating pressures up to 5 kPa. 
Roe [1975] studied the wetting of fine wires by a liquid film and showed that if liquid 
bead formation is inhibited a thin film will remain on the wire. It therefore follows that, 
for a fibrous filter, droplet migration towards the liquid bridges on fibres can be 
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suppressed by a number of physicochemical factors. In his mathematical analysis, Roe 
[1975] showed that the wire will not become fully wetted as the nite of beading is limited 
by the inertia of the liquid and the growth rate is controlled by viscous drag. Roe [1975] 
also showed that as the film thickness approaches a molecular dimension, surface tension 
and interfacial effects become negligible and other surface-chemical effects, such as 
surface roughness, adsorption, and surface charge, will ultimately control the thickness of 
the liquid film remaining between beads. 
Agranovski (Agranovski [1995], Agranovski & Braddock [1996]) looked at the fully-
loaded behaviour of non-wettable and wettable staggered model fibre-glass fibrous filters 
loading with polydisperse water aerosols (0.1 to 20 J.IIlI) at face velocities of about 1 m S·I • 
. All filters were oriented horizontally, with gas flow perpendicular to the front edge of the 
media. Observations during loading runs indicated droplet collection during the initial 
stages, larger droplet formation (by coalescence at increasing aerosol load) with drainage 
(after the gravitational force became large~ than the adhesion force), and ultimately 
wetting of the fibres. Droplets that drained wetted other fibres deeper within the filter, 
before liquid completely covered the fibres. In one experiment, where the aerosol stream 
was switched off and the filter allowed to dry for a period of time, Agranovski & 
Braddock [1996] observed evidence of a residual film, where the adhesive force was in 
equilibrium with the gravitational force. Another test observed droplet deposition, growth 
and film development with aerosol loading on a single fibre. The droplets spread along 
the wettable fibre and created a thin film that covered the fibre. Excess liquid drained 
down the fibre, however a thin residual film remained all along the fibre surface, 
effectively increasing the fibre diameter and altering its collection efficiency. 
Levich [1962] studied laminar flows in thin films extensively. Agranovski & Braddock 
[1996] applied his approach, of the slow-state motion of a film, to wetted fibres. As 
previously mentioned, an equilibrium condition exists between continuous capture of 
liquid aerosol particles, coalescence with the liquid film present on the fibres and 
drainage. The equilibrium film thickness is thicker than the residual film. The equilibrium 
film thickness and shape may be determined from modelling analysis of the flow of liquid 
in the film (Le. water in this case). The film thickness is a minimum at the face edge of 
the filter and increases through the filter depth to a maximum at the bottom edge. This 
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implies that the packing density increases along the filter depth. Similarly, the local 
velocity of the gas stream falls along the filter depth. Drainage of liquid from upper layers 
to lower layers results in a larger quantity of liquid being stored in the lower layers of the 
filter. As a result, more pores are filled with liquid, so that fibres are effectively thicker 
due to film development, resulting in an increase in packing density. This also results in 
less space being available for gas flow, so we observe a rise in local gas velocity. Low 
face velocity and high packing-density filtration systems favoured highly efficient aerosol 
collection in the bottom layers of the filter. In contrast, high face velocities were more 
likely to cause an increase in particle breakthrough in these sections. Agranovski & 
Braddock [1996] found that this breakthrough problem could be resolved at the design 
stage by optimising the aspect ratio of the filter. The aspect ratio is given by the ratio of 
the filter height by its width, and should be as small as possible. A value of less than 0.8 
was reported by the authors for optimal performance and reasonably even film thickness 
throughout the filter height": On this basis, they developed and implemented industrial 
devices with a stable operating efficiency of >99%. Finally, it was shown theoretically 
and experimentally that the efficiency of filtration could be significantly increased if two 
layers divide the filter with a gap installed between them. The first layer collects a major 
proportion of the particles and the film thickness on each fibre is large. The second layer 
collects a minor proportion of particles and without direct contact with the first layer; the 
film thickness does not vary significantly with filter depth. Thus excellent operating 
conditions with high filtration efficiencies can be achieved whilst maintaining a 
comparable pressure drop to a single layer system. 
Agranovski [\995] also looked at the behaviour ofnon-wettable filters during loading and 
how the wettability of the fibres affects the behaviour of collected droplets. Liquid 
aerosols collected by non-wettable fibres remain as spheres on the fibre surfaces, grow by 
coalescence to a critical size as more droplets are collected, oscillate and blocks some part 
of the filter. When a coalescing drop reaches a critical size, the force of gravity exceeds 
the adhesion force and the droplet drains. On wettable fibres, collected liquid particles 
spread along the fibres to create a thin film that covers the fibre. The film thickness 
depends on physical properties of the fibre, liquid and gas stream. When the film reaches 
.. for a filter oriented vertically and gas flow perpendicular to the face edge of the media. 
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a critical maximum thickness, liquid moves down under the action of gravity to the 
bottom part of the filter, which can lead to clogging of the filter. The draining properties 
of both wettable and non-wettable fibrous filters provide a self-cleaning/drainage 
mechanism for the filter, which has important applications in industry. The draining 
droplets are readily collected at the base of the filter and can be withdrawn for further 
processing or returned to an earlier stage in the industrial operation. However, it is 
important that the aspect ratio of wettable filters is kept below 0.8 so that filter clogging 
by drainage of the films is minimised and optimal performance is assured. 
The theory developed by Agranovski (Agranovski [1995], Agranovski & Braddock 
[1996]) could be useful in determining the modified packing density of any fibrous filter 
at the various stages of liquid particle loading. The case of flow around fibres was also 
presented by Agranovski (Agranovski [1995], Agranovski & Braddock [1996]) and 
compared to flow through packed beds, as considered by Liew & Conder [1985]. 
2.2.5.2.1 Determination of the single fibre efficiency and penetration with 
liquid particle loading 
In all theories developed to date, the single fibre efficiency and penetration of a fibrous 
filter loading with liquid particles has been calculated using an effective or modified 
packing density due to the effective increase in fibre diameter as loading progresses. 
Using a cell model, Agranovski & Braddock [1998] showed that the effective packing 
density of the cell plus droplet (1Xr,,) can be determined from: 
4X3Dda r +0.785m1r -0.667tDda f a -f.e - 4X3D 
d 
(2.128) 
where X is a scale factor and Dd the droplet diameter. This can then be applied to single 
fibre efficiency calculations already developed for clean filter systems as described in 
Section 2.4. The penetration is calculated as follows: 
( 
811';'arehf] P'=exp . 
00 2 p 
(2.129) 
Payet [1991] and Gougeon [1995] used the concept of a modified fibre diameter to 
determine the single fibre efficiency. This concept was initially developed by Liew and 
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Conder [1985, 1989a, 1989b]. The modified fibre diameter (df') was found to be a 
function of the volume of collected liquid (V L), the filter surface area (Sc), and the 
thickness, packing density and fibre diameter of the filter. 
(2.130) 
The new packing density (fJ.r') is therefore detennined by estimating the fraction of fibres 
available for collection: 
(2.131) 
As the packing density is the ratio of the volume of fibres to the volume of filter, it 
follows that the modified packing density is a ratio of the volume of fibres and collected 
liquid to the volume of filter. 
(2.132) 
The presence of liquid therefore provokes a fall in the filter porosity, 
Er '= I-at 11 (2.133) 
where Ec' is the effective porosity of the loaded filter. This results in an increase in the. 
interstitial velocity, U', calculated by: 
U'= U. 
E,' 
(2.134) 
U' and df' can then be used to calculate the effective Pec1et and Stokes numbers (pe" and 
Stk" respectively) and the modified interception parameter, R'. These modified 
parameters can be used to calculate the new single fibre efficiency ('I1si") using the 
methods described in Section 2.4. 
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2.2.5.2.2 Determination of the pressure drop with liquid particle loading 
Few studies have approached the problem of describing the increase in pressure drop due 
to liquid loading. The most comprehensive theory reported so far is that of Liew and 
Conder [1985], who showed that the increase in pressure drop of a loading filter is due to 
the reduction in the number of pores available for flow by the accumulation of liquid. The 
fraction of voids replaced by liquid, Sv, was given as a function of the capillary number 
(Neap) and the structural properties of the filter: 
Sv =0.0829( Ct.~~f f'21 (N,.J043\ (2.135) 
(2.136) 
where Kc is the permeability of the clean filter, !lp' the pressure drop of the loaded filter, 
crL the surface tension of the liquid, and eLM the contact angle between the liquid and 
fibre. Liew and Conder [1985] substituted for Kc using Darcy's Law, so that Equation 
(2.136) becomes: 
(2.137) 
where!lPo is the pressure drop of the dry filter. 
Liew and Conder [1985] used a capillary model originating from pore filter theory in 
developing their model for predicting the pressure drop of fibrous filters loading with 
liquid particles. The model was validated for et.r > 0.04 and the pressure drop (at 
equilibrium) was given by: 
( ( ) 
.... '61 ) 
!l =!l I 09 Ct.fh f (N' )-0.477 p Po' d "P 
f 
(2.138) 
where N' cap is the modified capillary number, given by: 
N' = Uo!!. 
"P e crLcos LM 
(2.139) 
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Pich [1987] and Fairs [1958] have reported that as liquid particle loading increases, the 
rate of increase in pressure drop is less than found in solid particle loading. Davies [1973] 
and Eriksson et al [1992] showed that a liquid column between two fibres results in a fall 
in the resistance to gas flow through the interstices. This would effectively increase the 
larger pore sizes and so decrease the resistance to gas flow through the media (and 
collection efficiency). This would most likely occur with the finest or most flexible fibres. 
The possibility of this occurring in the Liew & Conder [1985] study was inconclusive 
from the pressure drop data. The authors reported that the correlation given in Equation 
(2.138) improved if the mean coefficient of 1.09 is replaced by one of the following 
coefficients: 1.63 for df = 4 !!m, 1.26 for df= 8 !!m, and 0.99 for df= 12 and 22!!ffi. 
In contrast to the above findings, Payet [1991] observed an increase in the pressure drop 
in the HEPA filters tested in her studies. This is probably because capillarity effects are 
very small in these densely packed filters. 
2.2.6 Summary offiltration theory 
A great deal of literature on clean and loaded behaviour of fibrous and granular bed filters 
has been presented in Sections 2.2.3, 2.2.4 and 2.2.5. It is clear from Section 2.2.3 that 
clean filter theory is reasonably well established and a number of reliable techniques are 
available in predicting clean filter behaviour (i.e. flow fields, filter penetration and 
pressure drop) of fibrous and granular bed media. In contrast, studies into the effects of 
solid and liquid particle loading behaviour on filtration are still in their infancy. Only in 
the past decade or so have there been significant advances in experimental and theoretical 
studies of loading, and many of these are limited in their scope of applicability. 
It is clear from Section 2.2.5 that studies into solid particle loading behaviour are far more 
numerous than in liquid particle loading. However, despite this relative wealth of 
information on solid particle loading behaviour, predictive methods of the filter 
penetration and pressure drop are still mostly empirical in nature, or are mere curve fits to 
experimental data. Therefore, a more realistic model has been developed and presented in 
the current study. It also is apparent from Section 2.2.5 that little is known about the 
clogging point of a loading filter, which is an important measure of the filter lifetime. 
59 
Chapter 2: Literature review 
More recent experimental studies into the loading behaviour of solid particles have started 
to address this problem, by looking at the effect of face velocity, filter packing density, 
and loading particle size on the clogging point and loading response. However little data 
on fibre diameter effects on loading response and the clogging point have been reported, 
so experimental work conducted during the present study has looked into this in more 
detail. The most promising of the solid-particle loading models that uses the clogging 
point in predicting loading was by Podgorski [1998]. However the clogging point used by 
the author refers to the lower transition point (this term is defined fully in Chapter 4) 
where the loading curve starts to deviate from the initial linear region (see earlier mass 
deposited stages in Figure 2.5). The true clogging point, or upper transition point (also 
defined in Chapter 4), occurs at the stage in the loading curve where the slope starts to 
become linear again (see later mass deposited stages in Figure 2.5). A quantitative 
definition of the true clogging point is presented and used in the loading model of the 
current work; a parameter that has only been defined qualitatively to date. 
From the information on liquid particle loading behaviour presented in Section 2.2.5.2, it 
is clear that much less is known about this behaviour than in solid particle loading, and 
. the most significant advances in this area have only occurred during the past decade. 
Liquid particle loading is evidently much more complex in nature than solid particle 
loading, due to introduction of new parameters arising from the ability of collected liquid 
to flow, coalesce and modify the fibre surfaces. This complexity makes it very difficult to 
model liquid-particle loading behaviour, however a small number of theories have been 
presented by a number of authors with some degree of success. In these theories 
(presented in Section 2.2.5.2) modified parameters have been proposed that can be 
applied to existing loading theories in solid particle filtration. Liquid-loading 
experimental studies reported to date have only measured behaviour at the extremes of the 
loading regime: earlier stages of loading (prior to clogging), and highly advanced stages 
(long after clogging). A number of liquid particle loading tests along the entire loading 
regime have therefore been performed during the present studies to fill this knowledge 
gap to some degree. Advancement of current liquid loading theory was considered to be 
beyond the scope of the present study due to a need for much more liquid loading 
experimental data to evaluate trends in loading behaviour, however it is highly 
recommended for future studies. 
60 
Chapter 2: Literature review 
In order to carry out filter testing experiments in the laboratory, it is necessary to generate 
an aerosol and monitor its concentration and particle size distribution into and out of the 
test filter being assessed. The next two sections will describe some techniques and 
equipment that can be used for this purpose. 
2.3 Aerosol generation methods 
Aerosols may be generated in the laboratory by a variety of methods, depending on the 
nature of aerosol required. Most common methods are by atomisation, dispersion and 
condensation. 
2.3.1 Atomisation & Dispersion 
Compressed gas atomisation or nebulisation is the simplest form of aerosol generation. 
Polydisperse mists can be generated by atomisation of liquids (e.g. di-octyl phthalate 
(DOP), di-ethyl sebacate (DES», whereas monodisperse mists may be produced using 
solid-liquid suspensions (e.g. polystyrene latex suspensions (PSL), lattices, bacteriophage 
T.3.E. Coli, and silver iodide). Normally the carrier gas is compressed air or nitrogen. 
When atomising liquids, liquid is drawn into narrow ligaments by the action of one of 
three forces: hydraulic pressure, centrifugal force, or an aerodynamic force. These 
ligaments subsequently disintegrate into droplets. Thinner ligaments generate smaller 
droplets, however the aerosol size distribution will always remain polydisperse. On the 
other hand, if the liquid flows slowly out of a capillary tip, it will form droplets of a 
constant size with production of much smaller satellite droplets. Atomisation of non-
aggregated suspensions in water or a volatile solvent generates a monodisperse aerosol if 
each droplet contains no more than one particle and the mist is subsequently dried. There 
are two major disadvantages with this method. Firstly, it is difficult to get a single particle 
in each droplet as the probability of more than one particle strongly depends on the 
concentration of the suspension and on the size ratio of particles to droplets. Secondly, 
total elimination of emulsifiers contained in the suspension. is difficult, so droplets 
without particles will evaporate to leave a residue. Compressed gas nebulisation uses 
impaction to generate aerosols of small particle size by removing larger spray droplets 
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inside the apparatus. This is the most common method of aerosol generation, and three 
common nebuliserslatomisers are now described. Please note that each of these 
nebulisers/atomisers have been used in the present studies. 
2.3.1.1 Collison Atomiser (Raabe [1976]) 
Introduced in 1932 by W. E. Collison, this is one of the earliest nebulisers and is still 
widely used for both experimental and medical purposes. The Collison jet possesses one 
or more orifices of several diameters, set perpendicularly to a vertical liquid feed channel 
enclosed inside a cylindrical metallic rod. Larger droplets are collected by impaction by a 
hollow cylinder surrounding the jet. Figure 2.14(a) shows a cross-sectional diagram of the 
Collison atomiser (Liu et al [1966]). 
2.3.1.2 Wright Nebullser (Raabe [1976]) 
Introduced by B. M. Wright in 1958, the Wright nebuliser utilises the jet baffle principle. 
A collection surface is placed close to the point of disintegration of the nebuliser jet, 
resulting in a markedly higher output concentration of usable aerosol. Figure 2.14(b) 
shows a cross-sectional diagram of the Wright nebuliser. The liquid feed tube outlet is 
situated close to where the minimum static pressure of the air jet exists, with an orifice 
size of 0.74 mm inside diameter. Liquid is drawn into the jet flow inside a small 
compartment, sprayed through a 1.6 mm orifice, and impinges on an open-sided flat 
collector plate 1.16 mm away from the compartment. Larger particles are removed by 
impaction, allowing only smaller particles to pass through. Finally, the particle number 
concentration appears to fall with time and liquid height in the reservoir. Preliminary 
experiments, conducted during the present studies, used a small-reservoir Wright 
nebuliser to generate nuclei for the production of monodisperse condensation aerosols of 
liquid particles, and showed a time-dependency of number concentrations generated by 
the nebuliser. The performance of the condensation aerosol generator (CAE) assessed is 
dependent on various parameters, primarily: reservoir temperature, gas flow through the 
reservoir, reservoir liquid level, and nuclei size and number concentration. An increase in 
condensation aerosol size was observed as seed concentrations fell, whilst reservoir 
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temperature, gas flow through the reservoir, and reservoir liquid level for the CAE 
remained constant. 
2.3.1.3 Constant Liquid Feed Atomiser 
Developed by Liu & Lee [1975], this unit is commercially available as the TSI Model 
3076 Constant Output Atomiser (TSI [1978]), shown in Figure 2.14(c). A high velocity 
jet is generated by expansion of compressed air through a 0.343 mm diameter hole. Liquid 
is drawn up through avertical hole and is atomised by the jet. Larger droplets are removed 
by impaction on the opposite wall and excess liquid is drained at the bottom. A fine spray 
leaves the atomiser through a fitting at the top. The atomiser may be used in one of two 
modes: recirculating & non-recirculating. In the recirculating mode, liquid is drawn up 
from the reservoir and excess liquid is drained back; particularly useful for water 
solutions and solid dispersions. The non-recirculating mode utilises a syringe pump to 
feed the liquid to the atomiser, with excess liquid being drained to a separate container; 
normally used for volatile solvent solutions, such as DES or DOP in alcohol. In both 
modes, the optimum operating pressure is 35 p.s.i.(g) (Liu & Lee [1975]). 
The dispersion method also uses compressed gas to disperse particles. Powders having 
particles of radius larger than 10 Ilm are readily dispersed, although this becomes 
increasingly difficult with decreasing particle size (e.g. for sizes < IIlJIl complete 
dispersion has not yet been achieved). Shape, elasticity and humidity play an important 
role: needle-shaped particles are less readily dispersed than spherical ones; powders from 
hard substances are easier to disperse than soft ones; both moisture (increases 
cohesiveness of powder) and acute dryness (high triboelectric charges are present) can 
impair dispersion. 
Some nebulisers that use forces other than compressed gas dispersion are described next; 
these include the ultrasonic nebuliser, spinning disc and vibrating orifice generators. 
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Figure 2.14: Atomisation methods of aerosol generation 
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2.3.1.4 Ultrasonic nebuliser 
The ultrasonic nebuliser focuses ultrasonic waves, generated by a piezoelectric crystal, 
onto a small volume of liquid near the liquid surface. Ultrasonic energy agitates the liquid 
intensely to form a conical fountain. Produced waves fracture to create a dense aerosol 
with droplet sizes normally between 5 and 10 JUIl diameter, which is carried away by a 
gentle air flow. Larger aerosol volumes of higher concentrations are possible. Most 
ultrasonic energy is used in heating up the liquid, so the resulting temperature rise may 
cause large evaporative losses. 
2.3.1.5 Spinning disc generator 
The spinning disc generator operates by feeding liquid at a constant rate through the 
centre of a horizontal disc Ca few cm in diameter), rotating at speeds of up to 7000 rpm. 
Centrifugal forces push liquid towards the edge of the disc as a thin film, where filaments 
form and break up to produce droplets. Careful control can generate droplets between 20 
and 100llm in diameter. A strong degree of monodispersity is maintained by passing air 
at the disc edge to removett satellite droplets, formed during filament break up. The 
satellite droplets are about one quarter the size of primary droplets. Inertia of the primary 
particles carries them into the mainstream airflow. 
2.3.1.6 Vibrating orifice generator 
In the vibrating orifice generator, a thin filament of liquid is formed by pumping it 
through a small orifice, 5 to 20 JUIl in diameter, using a syringe pump. A piezoelectric 
crystal oscillates the orifice along the axis of the filament, so that it is broken up by each 
oscillation to form droplets. Monodispersity occurs at constant liquid flows and 
oscillating frequencies. Initially, the droplets are in close proximity and may coagulate 
quickly, so an air jet passes by the outlet to dilute and disperse the mist. Output 
concentrations can vary between 3 x 105 to 4 x 104 particles m-l _ This generator is 
particularly suitable for impurity-free low viscosity Iiquidstt and volatile solvents with 
dissolved solids. 
tt Aerodynamic separation uses the fact that the stopping distance for two sizes differs by a factor of 16_ 
11 Impurities may clog the orifice. 
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1.3.1 Condensation Methods 
The most popular condensation aerosol generators use low temperatures, up to 500°C, to 
generate monodisperse aerosol; normally from organic materials or pure compounds of 
low melting points. Less common are generators that operate at very high temperatures to 
produce condensate metallic oxides, metallic salts or metals inside furnaces or by 
chemical reactions. Low temperature generators are simpler in design than their high 
temperature counterparts, as smaller thermal instabilities occur. Also, more materials are 
available for condensation generation that will not melt, bum or degrade, and hazards are 
lower due to the operating conditions. As a general rule, these aerosol generators will 
produce a monodisperse aerosol by evaporating a material, and condensing it onto 
condensation nuclei in a carrier gas stream. Most of these generators have a number of 
common processes: nuclei production, vapour generation, vapour nuclei mixing, and 
condensation through controlled cooling of the carrier gas. In addition, they have the 
advantages of short and long term stability, product monodispersity and reproducibility, 
and process design simplicity. 
Table 2.3 lists physical characteristics of some commonly used condensate materials. 
Notice that most of the materials are high-molecular weight organics with low vapour 
. pressures. They must, however, have a high purity to achieve the monodisperse 
condensate criterion of a g < 1.25. Camauba wax is the only listed naturally mixed 
substance: its four main constituents physically very similar (boiling points, for instance) 
and it is quite unique because its behaviour is comparable to a pure material, producing 
reasonably monodisperse condensates. Commonly used low temperature continuous flow 
condensation aerosol generators will be described in the following sections and are listed 
in Table 2.4. Their performance in terms of monodispersity for tested materials has also 
been included for comparison. 
Please note that three of these generators were used in the present studies: Liu & Whitby, 
Liu & Lee, and the Improved Monodisperse Aerosol Generator (IMAGE). Their selection 
was primarily governed by the availability of equipment needed for their construction and 
economic constraints, although the monodispersity and concentration of produced aerosol 
were also important factors. 
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2.3.2.1 Sin clair-Lamer type continuous now monodisperse aerosol generators 
This is the first reported continuous flow monodisperse aerosol generator (Sinclair & 
Lamer [1949]). Developed during World War H, it was originally used to verify the Mie 
electromagnetic light scattering theory of small spheres (Sinclair [1979]). The apparatus is 
shown in Figure 2.I5(a}. 
When operated, liquid is heated to between 100 and 200°C in a two-litre boiler flask 
under thermostatic control. Air or nitrogen is filtered and passed through a spark ioniser 
section, in which nuclei are produced and transported across the liquid surface. Enhanced 
vapour production can occur by bubbling filtered gas up through the liquid to produce 
spray droplets. The mixture of vapour, nuclei and spray droplets enters the reheater, 
maintained at a temperature 40 to 1000C higher than in the boiler, where the droplets are 
evaporated. The vapour-nuclei mixture finally flows into a condenser tube where the 
vapour condenses onto the nuclei and tube walls. The boiler and reheater are enclosed 
inside an insulated casing and it can take several hours for the whole system to thermally 
stabilise after startup. Ideally, the nuclei number concentration and size distribution limit 
the particle number concentration. Particle sizes generated have reportedly varied between 
0.02 lUI1 (LaMer [1951]) and 54 lUI1 (Burgoyne & Cohen [1953]), with particle number 
concentrations of 1010 to 1013 particles m·3• The problem of particle coagulation can be 
minimised by product dilution. 
Due to the nature of the governing equations, the Sinclair-Larner generator particle-size 
output is normally correlated to the boiler vapour concentration and nuclei number 
concentration. The process is not completely stable, so this correlation normally requires 
execution each time the generator is started up. For instance, unstable vapour products 
and lower monodispersity resulted from material degradation through oxidation when the 
boiler liquid was not replaced frequently. Nitrogen or helium use can minimise this effect. 
Many workers have modified the Sinclair-Lamer condensation aerosol generator over the 
years (Muir [1965], Swift [1967], Kogan & Burnasheva [1960], Matijevic et al [1962, 
1964], Huang et al [1970], Okada et al [1969] and Bowes [1986]), all contributing to 
improvements in the monodispersity of produced aerosol. Several nuclei sources have 
67 
Chapter 2: Literature review 
been used for Sinclair-LaMer type aerosol generators and are listed in Table 2.2. In all 
cases, the generated aerosol stability can be influenced by fluctuations in nuclei 
concentration, size distribution and reproducibility. Nuclei coagulation stability with 
fluctuations in boiler and reheater temperature requires careful monitoring, otherwise high 
concentrations of smaller particles will coagulate readily at elevated temperatures. 
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(a) Sinclair-LaMer continuous flow condensation aerosol generator (Sinclair & Lamer [1949]) 
(b) falling film condensation aerosol generator (left) (Nicolaon et al [1970]) and the section of 
reheater later added (right) (Nicolaon et al [197\])11 
Figure 2.15: Sinc1air-Lamer type condensation aerosol generators 
Ii Section of reheater shows the parabolic region where the aerosol is formed 
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In general, the Sinclair-Lamer generator produces aerosols of good monodispersity (1.04 
< O"g < 1.20), however large periods of time are required for thermal stabilisation, and the 
stability of the generated condensation nuclei concentration and size, especialIy when 
electrodes are used, is questionable (see Table 2.4). The falling film condensation aerosol 
generator, developed by Nicolaon et al [1970] and later modified by Kerker et al [1972], 
operates in a similar way, but much more stable and reliable (shown in Figure 2.15(b». 
Nuclei source 
Tungsten and gold electrode spark 
generators 
Sublimation of salts (e.g. NaCI, 
AgCI) on hot plates or wires and 
their subse uent condensation 
Nuclei generated by drying 
nebulised aqueous solution sprays 
Limitations 
Electrodes have a tendency to erode and react with the carrier gas, requiring 
frequent adjustment and replacement. Resultant nuclei concentration can vary 
considerabl between tests uir 1965 . . 
Long periods of curing or training required for stability (up to several days). 
Needs to be operated continuously until the salt source is used up (described by 
Huan et al 1970 . 
Can provide an instant source of nuclei, however the nebuliser stability requires 
careful monitoring (Smaldone et aI [1983]) .. •. Perry & Smaldone [1985\ used 
nebulised nuclei and found no 0 rational differences with other nuclei sources. 
Table 2.2: Summary o/nuclei sources used/or Sinclair-LaMer type aerosol generators. 
The generator uses a boiler and reheater on a single vertical tube immersed in a bath of 
hot oil. Helium, loaded with furnace-sublimated sodium chloride nuclei, enters the boiler 
section under fulIy developed flow. It is then saturated with vapour leaving through the 
boiler and passes through an evaporator tube into a condenser section. A reservoir, with a 
fixed liquid level, feeds the liquid to be vaporised into the boiler. It then flows down the 
inner wall from a fixed opening, travelling as a thin film at the same rate as the maximum 
carrier gas velocity. The liquid is recycled to the reservoir. A short liquid residence time 
in the tube minimises material decomposition, however care must be taken when 
controlling the liquid flow and vertical position of the tube, even though the dynamic flow 
conditions of the evaporation section are well defined. Helium was initially chosen as the 
carrier gas due to its inert properties, as well as its high thermal conductivity (Davis & 
Liao [1975]), despite the fact that the diffusion coefficients of helium are much greater 
then those of air at similar temperatures. 
Later studies claimed to improve monodispersity of produced aerosol, and developed 
theoretical relationships for and improved knowledge of the processes governing aerosol 
... An example of a specific application of this method is the use of chemical and radioactive labelling in 
nebulised nuclei for lung inbalation studies. 
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production in the generator (Nicolaon et al [1971], Nicolaon and Kerker [1973], Shahriari 
et al [1972] and Laio [1974], Davis & Nicolaon [1971], Davis & Liao [1975]). Table 2.4 
lists a number of results using helium in this aerosol generator, where the degree of 
monodispersity remains acceptable with a g < 1.08 for glycerol aerosols and 1.14 < a g < 
1.19 for di-butyl phthalate (DBP) aerosols. 
2.3.2.2 Rapaporl-Weinstock type generators 
The Rapaport & Weinstock condensation aerosol generator (Rapaport & Weinstock 
[1955]) uses a nebuliser to generate polydisperse particles that are evaporated and 
condensed to form a monodisperse aerosol. This is shown in Figure 2.16(a) and is a much 
simpler design than the Sinclair-LaMer generator. 
Firstly, a nebuliser produces a polydisperse mist. This mist flows up a tube to a heated 
evaporation section, the droplets evaporate and particles condense in the condenser 
chimney, producing a monodisperse aerosol. Homogeneous condensation is reported to be 
the primary aerosol generation method, although the diameters given, 0.92 to 1.2 1J.IIl, 
indicate nucleation instead. Evidence of residual nuclei remaining after spray droplet 
evaporation was shown by Lassen [1960]. Addition of glass wool plugs of 20 mm 
thickness into the tube downstream of the evaporator produced 1.2 IUI1 particles when 0.8 
IJ.IIl particles were previously generated (without the glass wool). By varying the space 
between the baffie screen and nebuliser, larger spray droplets could be removed. The 
vapour mass concentration was altered without any noticeable change in nuclei 
concentration. Consequently, only one modification to the atomiser pressure was 
necessary to produce particle size changes from 0.3 to 1.4 IUI1 without altering the 
temperature in the evaporator. Preining [1962] placed an adjustable impactor plate at the 
nebuliser nozzle in a Lassen-modified Rapaport-Weinstock generator. Bemer & Preining 
[1964] later reported that nuclei remaining after evaporation were due to 'degree of purity' 
of the liquid. Polydisperse aerosols resulted from purer liquids, probably due to 
homogeneous nucleation, whereas addition of a known quantity of a high-boiling point 
substance to the liquid solution, such as anthracene, provided a controlled impurity 
(0.01% w/w) to generate nuclei of a required size. The generator achieves thermal 
stability within half an hour and material residence time in the evaporator is also reduced. 
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Thus, the problem of thermal decomposition, as found in generators with heated pools, is 
mostly eliminated. Generated aerosol monodispersity is reasonable with 1.1 0 < O'g < 1.50; 
as shown in Table 2.4. 
Japuntich [1991] developed a continuous condensation aerosol generator based on the 
Rapaport-Weinstock generator. Vapour-to-nuclei concentration ratios were changed by 
selectively altering the vapour-nuclei mixture after evaporation using hot-gas filtration to 
vary the particle size generated. This has the convenience of changing the particle size 
without temperature or flow alterations, which could affect the thermodynamic processes 
taking place. Figure 2.l6(b) shows a diagram of the continuous flow solid particle 
condensation aerosol generator. The generator was completely enclosed inside a constant-
temperature oven to reduce errors from room temperature fluctuations. The oven was kept 
. hot enough so that the condensate-nuclei mixture remained in liquid phase, as well as 
allowing nebulisation, vaporisation, hot filtering and condensation to occur. Aerosols 
were generated by formation of condensation aerosol droplets by nebulisation. The nuclei-
gas mixture was then vaporised in a primary evaporator; selectively filtered and flowed 
through a reheater (a 50 mm diameter insulated tube with a number of flow straighteners 
to direct the flow and maintain a laminar flow profile, as well as provide a radially flat 
temperature profile). After passing through a condenser, the particle output was finally 
injected into a controlled dry, filtered, cool dilution air stream to quench the particles into 
their solid state. An antioxidant, Irganox 1010, was used as the source of condensation 
nuclei. 
The continuous flow solid particle condensation aerosol generator produces acceptable 
monodisperse aerosols at high-mass concentrations. As listed in Table 2.4, this is 
generally so, however experiments conducted with camauba wax produced more 
polydisperse aerosols (within a 0.5 to 5 J.Ull size range) compared with stearic acid. Stearic 
acid aerosols generated were very stable. Conversely, particle size distributions of 
generated cholesterol aerosols were increasingly unstable over time (e.g. 1.14 < 0'. < 1.35 
for 1.53 J.Ull particles). Using the hot filtration method proved to be successful in selecting 
desired particle size ranges. Fine adjustments in nitrogen flow and nuclei material 
concentration in the condensate melt were used as limited enhancements of this method. 
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Free convection cooling of an insulated condenser, rather than forced convection cooling 
of an uninsulated condenser, was also found to improve monodispersity. 
The Liu & Whitby condensation aerosol generator (Liu & Whitby [1966]) is a highly 
refined modification of the Rapaport-Weinstock generator, illustrated in Figure 2.16( c}. 
When operated, filtered dry compressed air was passed into a Collison atomiser (BS2577, 
as shown in Figure 2. 14(a)} containing a solution of the aerosol to be generated (e.g. OOP 
dissolved in alcohol) to generate a stable polydisperse spray. The spray then flowed 
through a 20 mm i.d. evaporator-condenser tube, in which complete vaporisation and 
condensation was established. Laminar flow into the evaporator-condenser was assured by 
using a fine mesh screen. Orifice flow meters were used to monitor the evaporator-
condenser inlet flow. Heating tape was used to regulate the temperature in the evaporator 
by applying a controllable variable voltage through it. Only the central portion of the flow 
profile was extracted for tests from the bottom of the evaporator-condenser tube, where its 
monodispersity was greatest (ag at 1.15 compared to 1.35). Stream dilution with clean, 
dry air was also possible according to the level of aerosol concentrations required. Any 
excess aerosol was passed through an electrostatic precipitator and exhausted. 
Liu et al [1966] conducted a number of experiments with OOP solutions to evaluate the 
performance of the generator. By altering the concentration of OOP in alcohol in the 
Collison atomiser, particle sizes between 0.036 and 1.3 J.lm were generated, with a g 
ranging from 1.5 to 1.14 respectively. Studies into the effect of heater voltage on the 
performance showed that by incrementally increasing the heater voltage (and hence 
evaporator temperature), the mean diameter of the generated aerosol initially increased 
and then decreased, while a g correspondingly decreased and then increased. Three 
temperature zones were found. A low temperature zone, in which polydisperse aerosol 
production occurred due to incomplete evaporation. An intermediate temperature zone, 
where a monodisperse aerosol was produced due to complete vaporisation. A high 
temperature zone, in which polydispersity returned as nuclei losses due to coagulation 
became critical and the nuclei-wall vapour balance was unstable. The generated aerosol 
possessed a significant quantity of bipolar electrostatic charge, so in a later design by 
Tornaides et al [1971] an electrostatic charge neutraliser was added to the mono disperse 
line. In addition, Tomaides et al [1971] placed a shield around the evaporator-condenser 
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tube, to help stabilise the tube wall temperature, and added anthracene into the test 
solutions as an impurity in an attempt to increase the generated aerosol monodispersity. 
The quality of generated aerosol was not reduced even when the anthracene mass to liquid 
feed ratios ranged from 0.1 g.rt (0.01 vol%) to 1 g.rt (0.1 vol%). Table 2.4 summarises 
the performance of both Liu & Whitby-type generators. We can see that the modifications 
made by Tomaides et al [1971] improved the performance to give an acceptable degree of 
monodispersity; for example, for OOP, a g fell from a range of 1.14 to 1.5 to a stable 1.13. 
Liu & Lee [1975] later modified the Liu et al [1966] and Tolmaides et al [1971] designs 
to incorporate the constant output atomiser. Figure 2.l6(d) illustrates the apparatus used 
by Liu & Lee [1975], with the atomiser in non-recirculating mode. As with the Liu & 
Whitby setup, heating tape maintained at around 70V was used to vapourise the fine 
spray. Subsequent re-condensation of vapour took place by free convection cooling to 
generate uniform droplets. This stream was then diluted with clean, dry air and neutralised 
by a Krypton-S5 neutraliser. An electrical aerosol detector and an optical particle counter 
were both used to monitor the generator's performance. Liu & Lee [1975] conducted 
several tests on this system using solutions of OOP in alcohol and compared their results 
to published data (Liu et al [1966], Tolmaides et al [1971]). Anthracene was added to the 
OOP solutions to provide a source of condensation nuclei. Studies into the effect of liquid 
flow rate on generator stability highlighted instabilities below a minimum flow rate, 
caused by the periodic discharging and charging of the 1.59 mm tube, situated just below 
the jet nozzle. For flow rates above the minimum, negligible fluctuations were observed 
as excess liquid was drained off in the atomiser after impaction. A flow rate of around 
0.59 cm3min·t was chosen as the optimum, so that minimum solution wastage occurred. 
Measurements studying the variation of median particle size with solution concentration 
showed that the median particle diameter ranged from 0.032 J.Un for 0.0048 vol% OOP to 
1.3 J.Un for 100 vol% OOP (1.2 < ag < 1.4); comparable to published works (Liu et al 
[1966], Tolmaides et al [1971]). 
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Figure 2.l6(e) shows a diagram of the single stage Tu [1982] condensation aerosol 
generator. Carrier gas loaded with nuclei enters a sample boat containing melted solid or 
hot liquid and travels to a heated horizontal glass tube. Additional nuclei-laden carrier gas 
enters upstream of the sample boat and mixes with the vapour flow. Moving downstream 
to an insulated unheated condenser section, it is slowly cooled. The resulting condensate 
enters a dilution chamber where it is mixed with clean filtered dry air. Decomposition is 
avoided by using only small quantities of condensate material (15g). Heat transfer in the 
condensation section is effected by horizontal mixed convection. The majority of this 
occurs by free convection since the operating face velocity is very low. The temperature 
profile is controlled by insulation around the tube. Its presence is crucial if a high degree 
of monodispersity is to remain, since without it a steep fall in the temperature profile 
would be observed and the aerosol would become increasingly polydisperse. Different 
particle sizes are achieved by altering the equilibrium between the evaporator 
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temperature, driving gas flow rates, and the nuclei concentration. Particles have been 
successfully generated from camauba wax, stearic acid and ammonium bisulphate (as 
listed in Table 2.4), as well as other organic substances. Monodispersity is comparable, 
giving 1.06 < a g < 1.18 for generated particle sizes between 0.1 and 2!lJ1l. 
2.3.2.3 Prodi Type Condensation Aerosol Generators 
Prodi [1972] successfully generated solid monodisperse aerosols of paraffin wax and 
camauba wax, using the apparatus shown in Figure 2.17(a). Sodium chloride nuclei were 
first produced by atomisation of a dilute sodium chloride solution (with nitrogen) in a 
Collison atomiser. The nuclei-laden stream was then dried and bubbled through a 
reservoir of melted wax, contained in the bubbler. The bubbler was housed inside an oven 
maintained at constant temperature. Finally, the vapour flow passed through a vertical 
reheater-condenser tube to produce a monodisperse aerosol (1.02 < a g < 1.13 for particle 
sizes between 0.22 and 2.2 !lJ1l). Adjusting the oven temperature, the bubbler flow rate 
and amount of vapour dilution, altered particle sizes generated. 
The monodispersity of wax aerosols generated by Prodi [1972] are surprising and 
contradict findings suggested by Fuchs & Sutugin [1966]. However, the waxes that Prodi 
[1972] used were a mixture of high molecular-weight materials with similar boiling 
points and low vapour diffusion coefficients, so there is no particular reason why these 
mixtures could not behave as though they were pure substances to give uniform 
condensation rates. Prodi & Prodi [1984] later modified the generator to produce 
monodisperse water droplets of diameters between 1.6 and 5.4 !lJ1l. Modified versions of 
the Prodi generator include the MAGE and IMAGE. 
The Monodisperse Aerosol Generator (MAGE) is a commercial Prodi-type aerosol 
generator manufactured by Lavoro e Ambiente scri, Bologna, Italy. Horton et al [1989] 
studied the performance of the MAGE using di-ethyl hexyl sebacate (DEHS) aerosols. 
They developed a technique where droplets were generated with fluorescent nuclei cores 
to enable use of fluorimetric analysis in assessing non-ideal collection behaviour in 
samplers. A schematic diagram of the MAGE can be seen in Figure 2.17(b). 
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Nuclei number. concentration and size, and vapour concentration of the condensation 
medium contribute to the variation of particle size. The Collison atomiser orifice size and 
applied carrier gas pressure govern the size of droplets produced in the MAGE. Low 
pressures generate lower quantities of droplets and fewer nuclei for a given volume of 
nitrogen at ambient temperature. Nuclei sizes are typically less than 0.1 !lIll geometric 
diameter, formed from dilute solutions of less than lOO mg rl, and their size has a 
minimal effect on condensate particle sizes generated by the MAGE. The studies of 
Scheuch & Heyder [1986], however, showed that MAGE-generated DEHS droplets are 
increasingly more polydisperse and larger than expected when concentrated sodium 
chloride solutions (e.g. 250 mg r1) are used in the atomiser. They found that count mean 
geometric diameters of the nuclei were nearer to 0.1 !lIll and closer to the condensation 
droplet diameter generated. 
The bubbler temperature is the most sensitive control parameter in the MAGE: a small 
temperature increase can significantly increase the vapour concentration. The bypass line 
shown in Figure 2.17(b) functioned to reduce long stabilisation periods by adding a 
controllable gas stream that could instantly alter the vapour concentration, whilst 
simultaneously maintaining the bubbler at a constant temperature. Almost instantaneous 
particle size alterations can therefore be generated, typically less than a minute after 
changing the proportion of gas in the bypass. The reheater ensures complete vaporisation 
of the vapour-nuclei-gas mixture before it reaches the thermal gradient tube. The final 
size distribution should then be independent of the temperature setting in the reheaterttt, 
as long as it is above a critical level, which differs according to the condensate material 
selected. 
Horton et al [1989] managed to generate monodisperse aerosols of sizes between 0.1 and 
2 !lm with the MAGE; sizes that are normally difficult to produce with reasonable 
monodispersity in other generators. In addition, the optimum liquid level inside the 
bubbler was found to be 5.0 ± 0.5 cm depth for reproducible aerosol generation, and 
generator operation time could be extended for several hours due to the low reservoir 
consumption. 
ttt Horton et al [1989] recommended a 50°C higher temperature setting in the reheater than in the bubbler. 
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Recent tests conducted by Walsh [1995] and Graef [1995] showed cyclic instabilities in 
small-particle generation « 0.4 !lm), both in terms of size and concentration, due to the 
periodic control of the oven temperature. This effect is greatest when considering product 
monodispersity (stearic acid in this case). The Improved Monodisperse Aerosol 
GEnerator (IMAGE), developed at Loughborough University, added nuclei filtration to 
the MAGE design help control the particle size generated. The basic operation of the 
IMAGE is the same as in the MAGE, although a Wright nebuliser was used instead of the 
Collison atomiser to generate nuclei in the IMAGE, and is shown in Figure 2. I 7(c). 
Preliminary studies on the IMAGE showed that the nuclei filter was 100% efficient and a 
linear relationship between the nuclei concentration and the cube-root of the particle 
diameter existed; as expected by normal theoretical analysis of aerosol generation. 
Acceptable for up to a 90% reduction in nuclei using the filter, an available condensation 
nuclei concentration of 3.5 x 1010 particles m·l was produced and the method was found 
useful in generating larger condensation aerosol particles. The reheater section utilised a 
tape heater to maintain high temperatures inside the connecting tubes from the bubbler 
section to the top part of the condenser tube. Wrapping the heating tape to 3 cm from the 
top of the condenser tube was sufficient to eliminate disturbances in the laminar flow 
profile at the tube entrance and hence fluctuations in aerosol monodispersity. Vapour-
liquid bubbler efficiencies at different gas flowrates and temperatures were also assessed. 
A preheater was used to warm the carrier gas before entering the bubbler. As in the 
MAGE, the furnace temperature around the bubbler was measured and variations in 
particle size occurred for different liquid heights in the bubbler, due to the differing 
vapour-liquid temperature. Tests showed that bubbler liquid heights between 6.3 and 9 cm 
produced few. variations in particle size. Preheater temperature rise calculations and 
furnace and bubbler temperature measurements indicated that the furnace and bubbler 
temperatures were actually differing. It was recommended that direct measurement of the 
bubbler temperature be adopted instead of using the furnace temperature. In this case, the 
variation of gas flow rate and liquid heights in the bubbler would be independent of the 
particle size generated at a given temperature. The height of liquid in the nebuliser was 
also found to affect nuclei concentration (later confirmed in the present studies). 
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On the whole, instabilities could not be conclusively assessed and further studies were 
recommended. Many of these instabilities were resolved in the present study after a 
number of simple modifications to the IMAGE design (discussed later in this thesis). 
Finally, it was claimed with the modifications in the preliminary study, that the 
reproducibility of each particle size generated could be guaranteed for at least a day. 
Preliminary tests indicated that the monodispersity of generated stearic acid aerosols were 
significantly improved from crg :5 1.15 (for 0.55, 1.35 and 2.15 j.U11) to crg :5 1.05 (for I to 4 
j.U11). 
2.4 Subsequent Treatments 
Once an aerosol is generated, it is necessary to treat the aerosol by drying and charging it 
prior to filtration, otherwise humidity and charge effects will affect the performance of the 
test filter. Techniques used in the present study are now described in the next two sub-
sections. 
2.4.1 Drying the aerosol 
Frequently aerosols require drying as residual water vapour may be contained within the 
aerosol stream. This is most important for aerosols of solid particles generated from water 
solutions or suspensions. Diffusion dryers are the most common method of removing 
excess water, as illustrated in Figure 2.18. The wet aerosol stream enters the dryer at one 
end, passes through a coarse mesh inner tube and leaves as dry aerosol. The mesh tube is 
surrounded by dehydrated silica gel that removes water vapour from the aerosol stream. 
The device normally removes> 90% of the original water vapour content, however this 
rises and falls according to the mesh size and degree of hydration of the silica gel. 
Obviously, the silica gel must be dehydrated on a regular basis to ensure optimal 
operation. If droplets are generated using a Wright nebuliser, as has been done in the 
current study, the relative humidity at the outlet of the diffusion dryer is approximately 
40%, which is acceptable for filtration purposes. 
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Material Molecular Mol. M.Pt. B.Pt. 
Formula Wt. (·C) (·C) 
ammonium chloride NH.,CI . 53.49 520 540 
ammonium bisulphate NH,HSO, 115.11 146.9 no data 
arachidic acid c,ol!ooO, 312.54 77 328 
(eicosanoic acid) structural fonnula: 
CH,(CH,)"Co,H 
behenic acid c"H..O, 340.60 80 306 
(docosanoic acidt @60nunHg 
carnauba wax c,.H..O, (368) 83086 no data 
(natural organic wax) 
cholesterol C"Ho,O 386.64 148.5 360.0 
dibuty1 phthalate C,JlnO, 278.34 -35 340 
structural fonnula: 
c.H.(Co,c.H,j, 
dibutyl sebacate C16H"O, 314.47 344 
di-isodecyl phthalate C,.Ho,O, 446 50 
dioctyl phthalate c,.H,.O, 390.56 -50 384 
(bis-2 ethyl hexyl 
phthalate or di-2 ethyl 
hexyl phthalate) 
dioctyl sebacate c,JI"O, 426.66 -55 256 
(bis-2 ethyl hexyl 
sebacate) 
octanoic acid C.H I6O, 144.22 16.5 239.3 
(caprylic acid) 
glycerol C,H.O, 92.11 20 290 
(1,2,3 propanetriol) structural fonnula: 
CH,OHCHOHCH,OH 
linoleic acid C18H"O, 280.46 -5 229-230 
(9,12 octadecadienoic structural fonnula: @16mml1g 
acid) Cl1H31COzH 
Table 2.3: Physical characteristics o/some commonly used condensate materials 
Molal Vol. Densi~ Vapour Pressure (mmHg) [temperature given In ·C I 
(m'.kg°'.mor') (kg.mO ') 1 5 10 20 40 60 100 200 400 760 
52 1527 160.4 193.8 209.8 226.1 245.0 256.2 271.5 293.2 316.5 337.8 
(solid sublimes at 340°C) 
92.9 1780 no data 
468 824 205@lmmHg 
@100°C,rer. 328 @ 760 mmHg water@4°C 
513.4 822.3 306 @ 760 mmHg 
@9O'C 
(556.8) 994 no data 
no data 1067 no data 
362.2 1043 148.2 182.1 198.2 216.2 235.8 247.8 263.7 287.0 313.5 340.0 
406.6 932.9 344 @ 760 mmHg 
628.6 910 257@J5mmHg 
539.8 981 93@1.2mmHg 
231@5mmHg 
384 @ 760 mmHg 
613.8 912 256 @ 760 mmHg 
201.6 908.8 92.3 114.1 124.0 136.4 150.6 160.0 172.2 190.3 213.9 237.5 
112.4 1261.3 125.5 153.8 167.2 182.2 198.0 208.0 220.1 240.0 263.0 290.0 
@20"C,ret 
water@4DC 
408.8 902.2 202 @ 1.4 mmHg 
@20"C,rer. 227@14mmHg 
water@4°C 
Material Mol. MoL M.Pt. B.Pt. Molal Vol. Densl~ Vapour Pressure (mmHg) [temperature given in °c I 
Formula Wt. IOC\ IOc\ (m'.kt('.mor') (k!l.m') 1 5 10 20 40 60 100 200 400 760 
linolenic acid C"H,.O, 278.44 -11.3 230-232 401.4 916.4 231 @ 1 rnrnHg 
(9,12,15 @11mmHg @200C.rc£ 
octadecatrienoic acid) W8tcr@4'"C 
oleic acid C"H"O, 282.47 16.3 --c-360.0 416.2 893.5 176.5 208.5 223.0 240.0 257.2 269.8 286.0 309.8 334.7 360.0 
(9-octadecanoic acid) @2~~r. water GC 
stearic acid C18H"O, 284.50 71.5-72.0 370.0 423.6 940.8 173.7 209.0 225.0 243.4 263.3 275.5 291.0 316.5 343.0 370.0 
(octadecanoic acid) @2~~£ 
_le< "C 
sulohur S 39.06 1l2.8 444.6 25.6 2070 183.8 223.0 243.4 264.7 288.3 305.5 327.2 359.7 399.6 444.6 
tetralin C,oH" 132.21 -35.79 207.57 162.4 970.2 38.0 65.3 79.0 93.8 110.4 121.3 135.3 157.2 181.8 
@20:~£ 207.2 
water "C 
tri-m-cresyl phosphate G.z,H"O.,p 368.37 25-26 260.0 459.5 1150 154.6 184.2 198.0 213.2 229.7 239.8 252.2 271.8 292.7 313.0 
(tritolvlohosohate) @UmmHg @2SoC 
triphenyl phosphate G.z.H21O.P 326.29 49-51 413.5 481.7 1205.5 193.5 - 249.8 - 290.3 . 3225 - 379.2 413.5 
@SO:~r. 
water GC 
diethyl sebacate C,JJ'60 • 258.36 1-2 305.5 no data 963 125.3 156.2 172.1 - 207.5 - 234.4 - 280.3 305.5 
(di-2-ethylliexyl 
sebacate) 
anthracene C
"
H,,0 •P 178.22 217.8 340-342 no data 1250 145.0 173.S 187.2 201.9 217.2 231.8 250.0 279.0 310.2 342.0 
(paranaphthalene) @21;~,:r. 
water "C 
tributyl phosphate C12H21O.P 266.32 289 no data 972.7 no data 
@2'"~,,,,£ 
water 4°C 
triethyl phosphate C.If"O.P 182.16 -56.4 21l no data 1069.5 39.6 67.8 82.1 97.8 115.7 126.3 141.6 163.7 187.0 211.0 
@2~~,,,,£ 
water 4°C 
geraniol C,oH"O 154.26 <-15 230.0 no data 889.4 69.2 96.8 110.0 125.6 141.8 IS 1.5 165.3 185.6 207.8 230.0 
(3,7-dimethyl-2,6-
octadien-loOl) 
Table 2.3: Physical characteristics of some commonly used condensate materials continued .•. 
00 
lH 
Condensation Condensate Carrier Nuclei mean dN NN d. 
aerosol generator material gas material (1IIl1) (particles m") (JID,) 
Sinclair-LaMer di-butyl phthalate air subl. NaCl <0.03 no data 0.28 -0.76 
di-octyl phthalate nitrogen sp. gold <0.1 no data 0.3 -1.0 
di-octyl sebacate nitrogen sp. tungsten 0.1 1.5 x 1012 0.4·0.9 
air neb. NaCl <0.1 no data Q.65·3.O 
nitrogen sp. carbon <0.1 3 x 10' 0.3·1.1 
nitrogen subl.NaCl <0.1 1.8 x 1012 0.17·0.8 
linolenic acid helium subl. N.CI <0.1 no data 0.4·0.8 
oleic acid air subl. NaCI I <0.1 no data 0.78 ·1.0 
stearic acid air sp. tungsten <0.1 no data 2.5 ·12 
air subl. N.CI < 0.1 no data 0.44 
Falling Film di-butyl phthalate helium subl. NaCI <0.01 2x 10 0.33·0.75 
diooOCtyi sebacate helium subl. AsCI <0.1 1.8 x lOll 0.4 
. 
. glycerin helium subl. A,CI <0.1 . no data 0.4.1.4 
Rapaport& di-octyl phthalate air impurities no data no data 0.92· 1.2 
Weinstock .tt impurities no data no data 0.3 -1.4 
air impurities no data no data 0.036 ·1.3 
air impurities no data no data 0.3 
Japuntich carnauba wax nitrogen impurities no data no data 0.5·5 
stearic acid nitrogen impurities no data no data 0.5·5 
cholesterol nitro~n impurities no data no data 1.53 
Liu & Whitby (0 di-octyl phthalate air impurities no data no data 0.036· 1.3 
Liu & Whitby (2) di-octyl phthalate air anthracene no data no data 1.1 
(NB number median di-2--ethylbexyl air anthracene no data no data 0.86 - 0.91 
diameters & estimated phthalate air anthracene no data no data 0.46 
01 given) oleic acid .tt none no data no data 0.5 ·0.98 
tripheny) phosphate air anthracene no data no data 0.86 
stearic acid 
Liu&Lee di-octyl phthalate air anthracene no data no data 0.032· 1.3 
Tu carnauba wax air all tests: no data 1.9 x 10'· ·8 x 0.1 ·0.55 
neb. NaC) 1012 
stearic acid air or neb. 0.017 1.5 x 1012 -7x 0.21·1.5 
alumino- 10" 
ammonium bisulphate air silicate no data 1.6 x 1012 0.34 
air SUSJ)ensions 1.1 x 1012 1.5 
Table 2.4: Performance of a number of low temperature continuous flow condensation aerosol generators 
tll higher order TyndaU Spectra 
a Np VG SD MC CFD (.j (particles m-') (kg m") 
HOTS'" 1 x 10" V PR no data U 
1.08· 1.13 no data V PR no data U 
1.15 1.5 x 1012 V M no data D 
1.10 .1.20 no data V OPC no data D 
< 1.15 no data V PR no data D 
1.04 ·1.06 no data • V OPC 1 X 10" D 
1.16· 1.20 1 x 1011 V PR no data U 
HOTS no data V-B PR 2.4x 10· U 
no data 1 x 1012 V-B M no data U 
no data 1.6 x 1011 V-B PR no data U 
1.14 ·1.19 1.3 x 10" V PR 2x 10 D 
< 1.10 1.8 x IOU V PR 5.38 x 10· D 
< 1.08 00 data V PR no data D 
< 1.10 0.09 - 1.5 x 10" A UMC no data U 
HOTS O.I_lxlOll A PR no data U 
1.14· 1.50 1 x 1011 A OPCiEM no data D 
1.13 • 1.16 no data A PR 9.84 x 10-' U 
> 1.25 no data A .noPCI no data D 
< 1.25 no data A DMPSI > 1 x 10-3 D 
1.14· 1.35 no data A LASX no data D 
1.14· 1.5 no data A OPClEMIM no data D 
1.13 5 x 10" A OPC no data D 
1.16 ·1.18 5 x 1012 A OPC no data D 
>1.26 no data A OPC no data D 
1.15· 1.24 no data A OPC no data D 
1.31 no data A OPC no data D 
1.2· 1.4 no data A OPCIEM no data D 
1.06.1.14 no data V OPC no data H 
1.13·1.18 no data V OPC no data H 
1.13 no data V OPC no data H 
1.09 no data V OPC no data H 
Condensation Condensate Carrier Nuclei mean dN N", d 
" 
Np VG SD MC CFD 
aerosol generator material 2as material (um) (particles m-') (IL!) (.j (~articles m~) (mg_m~) 
Prodi camaubawax nitrogen neb.NaCI <0.1 6.1.10 0.22·2.2 1.02· 1.13 No data B M no data 0 
MAGE di-ethylhexyl nitrogen neb. NaClor <0.1 I.W· O.IS - 2 < 1.2 6x 10 -3.5x B DMPSI no data 0 
sebacate nitrogen sodium no data 0.59 1.07 lOll B OPC no data 0 
eamauba wax fluorescein 
IMAGE stearic acid nitrogen ncb. NaCI no data 3.5.10 8t90% 1-4 1.05 6xlO·3.Sx B CNCiA no data 0 
seed removal 1011 B CNCiA no data 0 
Legend (Table 1.2) 
00 VG· vapour generation A: atomisation B: bubbler V: evaporation 
"'" MC· mass concentration 
CFD· condenser flow direction U:up D:down H: horizontal 
SD· size detection PR: polarisation ratio M: microscope OPC: optical particle counter CNC: condensation nucleus counter 
EM: electrical mobility A: aerosizer UMC: ultra-microscope cell DMPS: differential mobility particle sizer 
LASX: laser aerosol spectrometer 
Other sub!.: sublimated neb.: nebulised sp.: sparked 
Nomenclature NN : nuclei number cone. dN : mean nuclei diameter Np : particle number cone. 
Table 2.4: Performance of a number of low temperature continuous flow condensation aerosol generators continued ... 
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Figure 2.18: Cross-sectional diagram ofa diffusion dryer (TSI [1978J). 
2.4.2 Aerosol Chargillg 
out 
Most aerosols normally possess some degree of electrostatic charge; for example, 
atomised aeroso ls are notorious for being highly charged, particularly if they have been 
generated from a water-based so lution. This can have a detrimental effect on any ana lyses 
(including filtration) fo ll owing generation as losses due to depos ition on pipe wa ll s (and 
on other surfaces) may also occur. A beta (-~) radiati on source is the most common way 
of reducing the level electrostatic charge to an equ ilibrium condition, the Boltzmann 
equil ibrium, wh ich is the natural charge state for atmospheric aerosols. Figure 2. 19 
shows a diagram of a commercial Krypton-SS unit manufactured by TS!. 
A-EPOXY SEAL 
A 
SEALED STAINLESS STEEL TUBE CONTAINING 
2 M1LlICUR1E S kr-BS GAS 
Figllre 2.19: TSI K,yptoll-85 aerosol charge 'lIelltra/iser' (TSI [1990- 199IJ). 
In the TS I charge neutra li ser, Krypton-SS gas is enclosed inside a th in stain less steel tube 
to supply hi gh concentrations of bipo lar ions. Subsequent bombardment of aeroso l 
particles by these ions wi ll resu lt in the Bo ltzmann equ ilibrium charge-state, provided that 
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the residence time is large enough§§§. Commercial radioactive aerosol neutralisers are 
claimed to achieve this in 2s. Recent work by Harrison [1994] suggests that 20 s exposure 
to a source such as that used in the present studies is adequate. In the current work it is 
essential that all the aerosol particles used should be reduced to the same known charge 
state otherwise comparisons would not be possible. 
2.4.2.1 Boltzmann equilibrium or residual charge distribution 
The smallest amount of charge that a particle can possess is zero or neutral. This state .... 
is rarely achieved due to random charging of aerosol particles by prevalent air ions. 
Aerosol particles possessing an initial zero. or neutral charge will gain charges from air 
ions due to their erratic thermal motion. Similarly, charged particles gradually return to 
the 'neutral' state by attracting oppositely charged air ions. Boltzmann eqUilibrium occurs 
when the ultimate equilibrium charge-state is achieved from the two opposing processes. 
This minimal charge is very small, giving a statistical probability that some particles 
possess zero charge, while others may possess one or more ·charges. For positive and 
negative charges in equal concentrations the charge distribution on the particles is given 
by Boltzmann's Law (Agarwal & Sem [1978], Pui & Liu [1976]): 
(2.139) 
where No and No are the relative number of particles with n and 0 units of charge 
respectively, e is the elementary unit of charge on an electron, K the Boltzmann c?nstant, 
dp the particle size, and T the absolute temperature. For air, Equation (2.139) gives a 
reasonable approximation. For particles greater than 0.02 J..lITl in diameter, Equation 
(2.139) becomes identical to a normal distribution and may be written as follows. 
~: = (1tdp~TY. exp( - d~~~) (2.140) 
Sizing errors resulting from calculating the fraction of particles for this range normally 
amount to around 10%. 
III Complete neutralisation of highly charged particles requires Nit = 6 x 1012 ions mO' 
.... Im' of air contains about 10' ions in almost equal amounts of positively and negatively-charged ions_ 
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Table 2.5 lists the distribution of charges on aerosol particles at Boltzmann equilibrium. 
We can see from this that the distribution is symmetrical about zero and both positively 
and negatively charged particles exist in the same fractions. For particles of sizes less 
than 0.1 r.un, the distribution consists of mainly 'neutral' particles, with only a fraction of 
singly charged particles present. 
Percentage of Particles with n Elementary Charges 
Particle 
Diameter n<-4 n=-4 n--3 n=-2 n- .. l n=O D""'+1 n-+2 n-+3 n-+4 n>+4 
(I1m) . 
0.01 0.34 99.32 0.34 
0.02 O.oI 5.23 89.53 5.23 0.01 
0.04 0.23 16.22 67.10 16.22 0.23 
0.05 0.60 19.26 60.28 19.26 0.60 
0.06 0.01 1.25 21.30 54.88 21.30 1.25 0.01 
0.08 0.08 2.78 23.37 47.54 23.37 2.78 0.08 
0.10 0.26 4.39 24.09 42.52 24.09 4.39 0.26 
0.20 0.32 2.33 9.66 22.63 30.10 22.63 9.66 2.33 0.32 
0.40 0.75 2.19 5.92 12.05 18.44 21.26 18.44 12.05 5.92 2.19 0.75 
0.50 1.65 3.05 6.79 11.98 16.99 19.Q7 16.99 11.98 6.79 3.05 1.65 
0.60 2.40 3.82 7.41 11.89 15.79 17.36 15.79 11.89 7.41 3.82 2.40 
0.80 4.40 4.83 7.94 11.32 14.00 15.03 14.00 11.32 7.94 4.83 4.40 
1.00 6.40 5.42 8.06 10.71 12.70 13.45 12.70 10.71 8.06 5.42 6.40 
Table 2.5: Distribution of charges on aerosol particles at Boltzmann Equilibrium (Hinds [19821. Liu & Lee 
[19751. Liu & Pui [19741. Waki &Lui [19741. TS1 [1990-1991)}. 
The rate at which an aerosol reaches equilibrium charge distribution depends on the 
concentration of bipolar ions (Hinds [1982]). This is also known as the fractional 
discharge rate and is independent of particle size and the initial charge condition: 
n{t} = exp{- 4neZ;N;t'bm} (2.141) 
no 
where n(t) is the number of charges on a particle after exposure with bipolar ions at time t, 
no the initial number of charges on a particle (at t = 0), N; the concentration of bipolar 
ions, 10bm the time required to charge to equilibrium charge state, and Zi the mobility of 
the bipolar ions. Equation (2.141) becomes more useful if there is an excess of bipolar 
ions, as Ni may be assumed constant. As aerosol charging with bipolar ions is dependent 
on the product Nj1obm, the same result may be achieved for different ion concentrations for 
the same value ofNj1obm. 
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2.5 Particle Size Distribution & Concentration Measurement (0.1 to 3 Ilm range) 
Aeroso[ particle sizes and concentrations may be measured by a number of methods 
depending on the classification mechanism used. A number of general texts describe these 
in detail (e.g. Hinds [[982]), however only those relevant to these studies will be 
described and these are primarily optical methods. 
Light scattering is a highly sensitive tool for measuring aerosol particle size and 
concentration; even particles as small as 0.1 /lffi are capable of generating detectable 
scattered light. In addition, aerosol samples are minimally disturbed, and data may be 
. logged instantaneously. In addition, they can be used in continuous applications, and the 
particles do not need to be captured and imaged as in microscope methods. However, 
small changes in refractive index, scattering angle, particle size, or particle shape can 
result in ambiguous results. A large number of instruments utilise light scattering at some 
stage in their operation and several texts describe them in detail. Other techniques that are 
availab[e for particle size measurement include time of flight and electrostatic 
classification. Devices used in the present study to measure aerosol concentration and 
particle size are now described in the next two subsections. 
2.5.1 Particle size distribution measurement 
Two instruments were used in the present study to measure particle size distribution of 
both condensation aerosols used for filter loading, and atomised aerosols used in filter 
grade penetration tests. These are described in the following sub-sections. A third 
instrument, the differential mobility c1assifier/ana[yser, was designed and constructed for 
measurement the nanometer sized particles is not included here, but is presented in the 
appendix with details of the third experimental rig. 
2.5.1.1 Particle Measuring Systems Inc. Laser Aerosol Spectrometer (LAS-X) 
The laser aerosol spectrometer, LAS-X, is a commercially availab[e instrument for 
general laboratory use in particle sizing in the range 0.09 to 3.0 /lffi (p.M.S. [1983]). The 
LAS-X contains a precision laser illuminated optical system and a solid-state 
photodetector that allow sing[e-particle sampling by collection of scattered light from 
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each encountered particle. Electronics contained in the LAS-X amplify the low level 
signals from the photodetector and convert each particle scattering pulse to one of 16 size 
categories for accumulation in the data logging and display electronics. The airflow 
system (Figure 2.20) in the LAS-X is designed to isolate the aerosol sample stream from 
the vital optical components and confine it to the boundaries of the laser beam. The 
system uses an aerodynamically focused aerosol sample stream surrounded by a filtered 
flow of sheath air. 
.. el ~ : 
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Figure 2.20: Schematic diagram of the airjlow system of the LAS·X (pMS [1983]) 
An aerosol sample enters by a direct sample inlet and filtered sheath flow joins it prior to 
entering the sample chamber. The sampling and sheath flows are set to merge the two 
streams iso-kinetically, in order to avoid turbulence and mixing. These flows lie between 
0.5 and 1.5 cm3 s·1 for the sample flow, and 20 cm3 s·1 for the sheath (as specified by the 
manufacturer). However, the sample flowrate may be adjusted with respect to the sheath 
flowrate as long as the sheath-to-sample flow ratio is maintained otherwise mixing could 
occur and the optical sample cavity would become contaminated. The sample leaves the 
optical sample chamber through an exit tube and passes through a diaphragm pump and 
master filter. Afterwards, the airflow is split in two: some passes through the sample 
flowmeter and is exhausted, while the rest is developed as filtered sheath flow. Needle 
valves control the flow in each of these streams. 
The LAS-X may be operated in one of 10 size-measuring ranges (probe ranges). There are 
15 size channels and one greater-than size channel in each. The particle number count in 
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the selected probe range, nit. the sampling flow, q, and the sampling time interval, t" can 
then be used to calculate the particle number concentration in each interval i, Ci': 
n· 
C =-"-;1 
t,q, 
(2.142) 
Note that the count is only valid if the correct sheath-to-sample flow ratio is maintained. 
Amold [1991] studied the issue of coincidence in particle size measurement/counting by 
the LasX. She concluded that coincidence errors could be eliminated so long as the 
sampling rate in the LasX was less than 400,000 particles min·!. Correction factors 
proposed by the author could be applied to higher sampling rates (from 400,000 to 
2,000,000 particles min-!), however it was not recommended if such sampling rates could 
be avoided_ We can conclude from this that if aerosol concentrations are sufficiently low, 
this instrument is reliable enough for filter testing purposes tttt. 
2.5_1.2 APt Aerosizer 
The aerosizer (API [1994]) is a time-of-flight particle sizer; manufactured by Amherst 
Process Instruments, claimed to be capable of measuring particle size distributions within 
the range 0.2 to 200 1lIll. The maximum reliable particle count is 50,000 particles min-!, 
although sampling rates up to 100,000 particles min-! are possible. Both solid and liquid 
particle aerosols may be measured including those generated by condensation methods. 
The instrument uses the time of flight of a particle travelling between two laser beams to 
determine its size, provided the density of the particle material is known. Figure 2.21 
illustrates the measurement method. Entering aerosol passes through a nozzle into a 
partial vacuum, leaving at almost sonic velocity and continues to accelerate through the 
measuring region. Drag forces generated by the accelerating air stream accelerate the 
particles: smaller particles are accelerated close to the air velocity by drag forces between 
the air and particles, whereas larger particles accelerate less readily due to their greater 
mass. The force equation is given by: 
tttt Also reported by Szymanski [1999] 
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(c 1tdp 2)[ (v. -vS) = ('!'1td 3 )(dV) d 4 P. 2 6 p Pp dt (2.143) 
where Cd is the drag coefficient, Pa and Pp density of air and particles respectively, Va and 
vp velocity of air and particles respectively, and dp the particle diameter. The first term on 
the left hand side of Equation (2.143) relates the drag coefficient and projected area of the 
particle to the force. The air density and differential velocity of the particle and air is 
related to the force by the second term. The right hand side is simply the mass of the 
particle, G 1td.'Pp), multiplied by its acceleration, (~:). The time of flight of the 
particles is measured by detecting the light pulses as they pass through the two laser 
beams situated in the measuring chamber. Scattered light, resulting from particles 
traversing the beams, is collected and converted by two photomultiplier tubes. Software 
running on a PC logs the data and automatically calculates the particle size distribution 
from the raw data, according to the particle density inputted by the user'. This data can be 
exported as a text file to be analysed in a spreadsheet later, or simply printed out. Note 
that many options are available in the software, including calculating the distribution in 
terms of number, volume, or mass concentrations. 
The sampling chamber of the Aerosizer operates at very low pressure (0.04 bar) and this 
could be a problem in the measurement of condensation liquid particle aerosols. These 
aerosols are generated using low vapour pressure liquids, so a possibility exists of liquid 
droplet evaporation in the Aerosizer. This effect was investigated during the aerosol 
generator evaluation and calibration experiments of the present study; described in 
Chapter 3. Since both the Aerosizer and LasX were used in these tests, a reasonable 
comparison of the particle sizing performance of the two instruments could be assessed. 
These instruments produced comparable sizing data, so it can be concluded that the 
problem of evaporative losses of liquid aerosol samples is negligible . 
• The Appendix shows a photograph of the Aerosizer PC monitor output after a typical sizing run. 
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.Ifl. transport air (a), laden with 
W particles, becomes surrouDded. 
by sheatb air (b) 
particles are passed through a 
A convergine nozzle and accelerated 
__ to near supersonic speeds within a 
barrel shock envelope (c) 
the particle's time-of-flight Is 
a measured by detecting the light 
V' pulse as the particles travefSC 
two laser beams (d) 
Figure 2.21: Schematic diagram of the API Aerosizer measuring region, illustrating the time-offlight 
measurement technique (API (1997]). 
2.5.2 Monodisperse aerosol concentration measurement 
Many methods can be used to measure the concentration of monodisperse aerosols 
upstream and downstream of the test filter media, however most of these methods require 
sampling points that can intrude and disrupt the gas stream. In the present study, the light 
scattering measurement system, developed by Walsh [1995], Walsh & Stenhouse [1996] 
and Graef [1995], was adopted, since it is a non-intrusive, in-line and instantaneous 
method of monodisperse aerosol concentration measurement 
The unit was developed only recently at Loughborough University, and it was evaluated 
by performing filter-loading tests with monodisperse aerosols generated by the MAGE. 
Two light scattering photometers (LSP) were placed upstream and downstream of the test 
filter. Figure 2.22 shows the layout of the LSP. Each LSP unit consists of a light emitting 
diode (LED) and a photodiode. The photodiode detects scattered light resulting from 
particles passing through the LED beam in the chamber. Rayliegh horns are fixed to the 
opposite edges to the LED and photodiode respectively to function as light sinks. The 
inner surfaces of the chamber are painted matt black to minimise secondary scatter. 
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For monodisperse aerosols in the size range 0.5 to 2.2 J.U1l diameter, a linear function of 
the amplified photodiode output signal and the particle concentration was found. This was 
verified by the studies of Walsh [1995], Walsh & Stenhouse [1996]. Figure 2.23 shows 
the dependence of photodiode voltage output on concentration for 0.5 and 1.4 J.U1l stearic 
acid particles (Walsh & Stenhouse [1996]). Graef [1995] found that each LSP device 
emitted different voltage output levels for the same concentration despite the fact that the 
units are identical, as illustrated in Figure 2.24. This is due to differences in light 
intensity. 
Before beginning a loading test, each LSP needs to be calibrated to obtain baseline 
voltages at maximum and zero aerosol concentrations. In his studies, Graef [1995] 
measured LSP readings at maximum and zero particle concentration for 5 minutes (with 
no filter in-line), and calculated the average voltage output from each of the LSP units. 
These calculations generated values for U ,,",.max and U po".max' and U p<C._ and U po".""o 
respectively (as shown in· Figure 2.24). On completion of the loading test, the filter 
penetration, P, was calculated from recorded upstream and downstream LSP data. 
(2.144) 
where C" and C ... are the concentrations of aerosol in and out of the test chamber 
respectively (Le. filter upstream and downstream concentrations). 
The dependence of the aerosol concentration (C) and the amount of light scattered meant 
that Graef [1995] could generate a relationship between the filter penetration and the LSP 
voltage outputs (mV)tm (Equation (2.145)). 
(2.145) 
where Ui._ and UiCC) are the LSP voltage outputs at zero and C aerosol concentrations, 
and cri the gradient. The subscript i denotes which LSP is being referred to (Le. i = pre or 
post for upstream or downstream LSP units respectively). 
1111 Please refer to Appendix 1 for the step-by-step deduction of this calculation. 
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Figure 2.22: Layout of the light scattering units - (a) plan view, and (b) cross-sectional view. 
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Figure 2.24: Dependence of LSP voltage output with concentration. 
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All data generated by the LSP units, and the digital manometer used to measure the· 
pressure drop across the filter during loading, was sent to a PC for logging during each 
test. This program logged data signals specifically at calculated time intervals, based on 
values entered at the start of each run, with a maximum number of data points at 7000. 
The LSPs were shown to operate down to a particle diameter of 0.5 lUll using the LEDs. 
Graef [1995] also conducted a number of tests using laser beams in place of the LEDs in 
an attempt to measure smaller particle concentrations. He was successful in measuring 
particle diameters from 0.5 to 3 lUll, however for smaller sizes, instability problems with 
the aerosol generator (MAGE) produced invalid detection data. 
2.6 Summary of aerosol generation methods, subsequent treatments and particle 
size distribution & concentration measurement 
A number of aerosol generation methods for producing polydisperse and monodisperse 
aerosols have been described in this chapter. Atomisation methods provide a convenient 
method of generating polydisperse sprays for use in applications such as grade penetration 
testing of filters or to provide nuclei for condensation aerosol generators. Therefore, all 
three atomiserslnebulisers described previously will be used in the current study for at 
least one of these applications. Condensation aerosol generators provide the most 
effective method of generating high concentrations of monodisperse aerosol particles, so a 
generator of this type must be selected for producing aerosols in the filter loading 
experiments of the current study. It is important to use the best available method, 
especially with respect to monodispersity, control and stability. The two most promising 
generators described above have been assessed prior to commencing filtration work. This 
evaluation is described in the next chapter, using di-ethyl sebacate to produce liquid 
particle aerosols. 
All other equipment and treatment methods described in Sections 2.4 and 2.5 will be 
incorporated onto the filtration rigs (described in Chapter 3). The equipment and 
techniques reported are generally well-established, reliable and effective means of 
measuring aerosol properties and the treating aerosols prior to filtration. 
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3. Equipment Selection and Experimental Techniques, Selection and 
Evaluation of Clean Filter Media 
In order to evaluate the effects of particle collection on fibrous filter performance, a 
number of experimental techniques have been developed and adopted. Experimental 
apparatus used during these studies has been modified from time to time owing to 
practical difficulties encountered and additional test requirements. Hence, each rig used 
will be categorised according to the nature of aerosol being loaded or the type of test 
being undertaken. Finally, the majority of equipment described in Chapter 2 has been 
utilised during the course of these studies. 
The first part of this chapter (Section 3.1) describes an experimental evaluation of two 
condensation aerosol generators. One of these generators was subsequently selected for 
incorporation onto the filtration rig as it satisfied the criteria required by the LSP system. 
The LSP's require consistent and high levels of aerosol stability, monodispersity and 
concentration system for reliable and valid data production. 
I 
Calibration experiments for the selected condensation aerosol generator using di-ethyl 
sebacate as the condensate material is described in Section 3.2, illustrating data 
reproducibility of the instrument. Further calibration tests are described in Section 3.3 for 
the particle sizing instruments using standard aerosols of monodisperse latex particles. 
Section 3.4 describes the filtration rigs and relevant experimental protocol. Modifications 
made to the filtration rig are also included here where appropriate. Finally, the 
experimental protocol for scanning electron microscope measurements of stearic acid 
loaded filter media is described at the end of this section. 
This chapter ends with test filter media selection and experimental evaluation of clean 
filter properties. Experimental results reported here assisted in the final selection of filter 
media for loading tests conducted during these studies. Solid particle loading test 
reproducibility results have been included at the start of Chapter 4 rather than in this 
section because the trends observed offer the reader a good introduction into general 
loading behaviour. 
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3.1 Preliminary Studies iu Aerosol Generation 
Chapter 2 describes in detail a number of aerosol generators. Their relative performance 
. in terms of aerosol monodispersity and concentration needed to be evaluated before 
filtration work commenced. Preliminary tests were performed using diethyl sebacate, 
since this was to be the condensate material intended for production of the liquid particle 
aerosols. Condensation methods provide the most effective method of generating high 
concentrations of liquid particle aerosols. Of the condensation aerosol generators 
described in Chapter 2, two were singled out as viable possibilities for integration onto an 
experimental filtration test rig: 
0. Liu & Whitby condensation aerosol generator (Type I) using solutions of 
laboratory grade diethyl sebacate in isopropyl alcohol, with and without addition 
of anthracene. Solution concentrations used were based on published data by Liu 
et al [1966], Tolmaides et al [1971], and Liu & Lee [1975]. Figure 3.1 illustrates a 
schematic of the Liu & Whitby aerosol generator used. 
Improved Monodisperse Condensation Aerosol GEnerator (IMAGE). This is 
shown in Figure 3.2. 
As the light scattering photometer apparatus, described in Chapter 2 and shown in Figure 
2.22, was to be utilised during filtration tests, a high degree of aerosol monodispersity, 
concentration and stability was required to generate reliable data. The above generators 
were tested and compared in terms of generated aerosol concentration, monodispersity, 
particle size range, stability and reproducibility. Particle sizing data were collected using 
the Laser Aerosol Spectrometer (Las-X) and Aerosizer. These analysers had already been 
factory-calibrated, however frequent checks were made using standard monodisperse 
polystyrene latex spheres (described later in Section 3.4). These latex aerosols were 
generated from water-based polystyrene latex solutions using a Wright nebuliser similar 
to that shown in Figure 2.14(b). 
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3.1.1 Evaluation of Liu & Whitby Condensation Aerosol Generator 
An initial evaluation of an existing Liu & Whitby condensation aerosol generator (Type 
I), using solutions of laboratory grade diethyl sebacate in isopropyl alcohol, with and 
without addition of anthracene, was necessary to detennine the most suitable aerosol 
generator for filter testing. The main advantage of this device has been shown to be its 
ability to generate submicron aerosols of reasonable monodispersity and concentration 
(Liu et al [1966] and Tolmaides et al [1971]). The experimental apparatus used in these 
tests has been shown previously in Figure 3.1. 
3.1.1.1 Experimental Method 
In each test run, nitrogen, which was used as the carrier gas, was supplied at 35 psi(g), 
reported to be the optimum operating pressure for the Collison atomiser (Liu et al [1966]). 
The DES solution, which was either 0.1 vol% or 1 vol% diethyl sebacate in isopropyl 
alcohol, was atomised in the Collison atomiser and transported to the reheater-condenser 
tube (2.54 cm outer diameter, 76.2 cm in length). A variable voltage trausformer 
controlled the power input to the vaporiser section. This section was insulated with 
fibreglass pipe lagging. The condenser section (approximately 50 cm long) was unIagged. 
The aerosol stream leaving the reheater-condenser was then split into two parts. The 
central flow portion was diluted and carried off to the filtration section and analysed by 
the Las-X via the pre-filter or post-filter sampling port. The outer flow portion and excess 
aerosol from the filtration section were filtered by a master filter and exhausted. Las-X 
data were entered into a spreadsheet for analysis, together with details on operating 
conditious during each test. Tests performed covered all aspects of the process that could 
affect the resultant" aerosol geometric mean diameter, concentration and monodispersity 
by adjusting each of the following operating parameters: solution concentration, addition 
of anthracene, aerosol dilution, and reheater voltage setting. 
3.1.1.2 Results 
A summary of the results is shown in Table 3.1 and graphically in Figure 3.3, 
listing/showing the total geometric -mean diameter (dg) and geometric standard deviation 
(O'g) calculated from raw data gathered for each reheater voltage setting (VRH) and diethyl 
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sebacate solution concentration. Anthracene was added to the DES solutions in the 
Collison atomiser for some of the tests. This procedure was recorded by Liu and Lee 
[1975] and reported to be a reliable method of improving produced aerosol 
monodispersity and stability with respect to time. 
Table 3.1: Summary of Liu & Whitby Condensation Aerosol Generator performance using diethyl sebacate 
(DES) solutions for particle generation with and without anthracene. Calculation method used: (G) 
graphical and (C) calculated from Equation 2.4. 
Values shown in Table 3.1 and Figure 3.3 are calculated using Equation (2.4) or the 
graphical method (outlined in the Appendix). The dilution ratio remained constant 
throughout, giving a total number ~oncentration of approximately 3xlO ll particles m') for 
unseeded 0.1 vol% DES solutions, and approximately 4xl09 particles m') and 6xl09 
particles m') for 1 vol% DES solutions without and with 0.1 g rl added anthracene 
respectively. No tests were conducted using seeded 0.1 vol% DES solutions. 
3.1.1.3 Discussion 
Figure 3.4 shows that particle sizes generated in these studies compare well with 
published data 'on DOP aerosols (Liu et al [1966]). The optimum reheater voltages were 
found to be 65V and 75V for 0.1 vol% and I vol% diethyl sebacate solutions respectively. 
These values are in close agreement with Liu et al [1966], who quoted values of63V and 
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75V respectively. At these voltage settings, the geometric particle diameters' were 0.17 
and 0.26 ~m and corresponding geometric standard deviations of 1.19 and 1.12 
respectively. Adding anthracene to the solutions also produces an unacceptable fall in 
monodispersity. On a practical front, stability problems were encountered with this 
generator, where measured geometrical particle sizes showed variation with time. 
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. quoted here as the average value between those given by Equat ion 2.4 and the graphical evaluation method 
(described in Appendix 1). 
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Because of this, several repeat tests were necessary for each DES solution concentration 
in order to get a representative batch of particle sizing data for the evaluation reported 
here. 
3.1.2 Evaluation of the Improved Monodisperse Aerosol GEnerator (IMAGE) 
An IMAGE was constructed and is shown in Figure 3.2. 
3.1.2.1 Experimental method & apparatus 
A polydisperse spray of sodium chloride particles was first produced in the Wright 
nebuliser, on supply of clean dry oxygen-free nitrogen. The particle number concentration 
of the cloud has been shown to be dependent on the nitrogen pressure supplied. The cloud 
was passed through a demister pot, to remove larger droplets, and was dried in a diffusion 
drier to produce a salt aerosol. As mentioned in Chapter 2, diffusion dryers provide the 
most common, effective and convenient method of removing water from an aerosol 
stream. The particles are dry and the gas has less than 40% relative humidity after passing 
through such a device. Silica gel was used as the desiccant during these studies, due to its 
relatively low toxicity. After drying, the salt nuclei concentration was controlled by 
filtering a fraction of the stream. 
The nuclei stream entered the bubbler via a spiral tube and was bubbled through the liquid 
contained in the bubbler reservoir (DES). Some of this DES evaporated and was carried 
with the nuclei-laden stream to the reheater and condenser. In the condenser tube (a 20 
mm inner diameter pyrex glass tube), DES condensed onto the salt nuclei as the 
temperature of the mixture fell. The condensation rate was constant for all nuclei, owing 
to the small particle size of the seeds relative to the quantity of DES being condensed, so 
that a monodisperse aerosol of DES particles with salt nuclei was produced. The 
condensation aerosol was then exposed to ionising radiation using a Kr-85 radioactive 
source similar to that shown in Figure 2.19, with a gas residence time of at least 20s, and 
diluted in a mixing chamber with clean dry compressed air. Dilution air was regulated 
using the air flow rotameter needle valve. After dilution, the stream split in two. Excess 
aerosol was filtered through a master filter (HEPA) and exhausted. The remainder passed 
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,', 
through the filtration section (described in more detail later), where it was sampled using 
the upstream sampling port that was connected to the Las-X sampling inlet for particle 
size distribution measurement. Finally, the stream was filtered using a HEPA filter, 
passed through a rotameter and exhausted. Laboratory grade' DES was added to the 
bubbler reservoir prior to testing. The bubbler reservoir DES liquid level was maintained 
between 6 and 9 cm. On average, it was only necessary to top up the level after about 2 
weeks' continuous operation. 
0.04 wt% sodium chloride solutions in distilled water atomised by the Wright nebuliser 
were used to generate nuclei for the process. This salt solution was prepared by dissolving 
OAOg sodium chloride in 1 litre of distilled water. The Wright nebuliser reservoir was 
topped up with the solution at the start of each day of tests. 
The nuclei filter comprised of two types of Whatman filter media placed between two 
gaskets and clamped together in a filter holder. The fIrst was Whatman filter paper Type 3 
(catalogue no. 1003090). The second Whatman GFIB glass microfIbre media (catalogue 
no. 1821090). The flow through the bypass line was regulated using the needle valve on 
the bypass line rotameter and bypass valve. The filtered flow rotameter needle valve was 
left fully open in all tests. 
The reheater comprised of a 1 metre length of Eurotherm heating tape, wrapped around 
the connecting glassware from the bubbler vessel outlet to the upper portion of the 
condenser tube, and insulated and protected using fIbre glass pipe lagging. The heating 
tape was rated at 240W capacity with a maximum temperature of 400°C. A variable 
resistance Eurotherm controller was used to control the temperature output of the tape. 
Intermittent power output to the tape was provided using a setting between 1 to 6 on the 
controller dial, giving a temperature range of approximately 80 to 300°C. 
The exhaust filter comprised of Whatman GF/B glass microfIbre media placed between 
two gaskets and clamped together in a fIlter holder. This was replaced after approximately 
two or three days' of tests or as necessary. Both exhausts from the rig were connected to 
an exhaust manifold. 
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Soon after starting up the generator, the furnace controller developed an irreparable fau lt, 
so an interim alternative was sought until a replacement unit could be supplied. The 
method adopted utilised the heating tape and variable transformer unit from the 
dismantled reheater of the Liu & Whitby Aerosol Generator. The tape was wrapped 
around the same bubbler glassware used previously. This montage was then placed inside 
a heavily lagged vessel so that a reasonably constant temperature profile could be assured, 
as illustrated in Figure 3.5. This was the only change in the apparatus shown in Figure 3.2. 
A thennometer was placed in the vessel to monitor bubbler temperatures during each 
experimenta l run. 
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Figure 3.5: Illustration o/th e heating tape f umace apparatus /or the IMAGE preliminary investigations. 
3.1.2,2 Results 
Table 3.2 list results for the geometric mean diameter (dg) and geometric standard 
deviation (Gg) for each voltage setting (VH) and hence bubbler temperature (TB). Values 
shown in Table 3.2 for the geometric mean diameter (dg) and geometric standard 
deviation (Gg) are averaged from data calculated using Equation (2 .4) and the graphica l 
method (see Appendix). Note that the particle number concentrations generated were 
consistently within the range of 9 x 109 to 3.6 x 1010 particles m,3, with and without the 
reheater switched on. All other operating parameters were kept constant during each run: 
o Bypass nuclei fl ow, Qnb = 3.85 I min' ! 
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o Filtered nuclei flow, Qnf= 4.11 min'l 
o Dilution air, Qair = 27 I min'l 
o Nitrogen pressure, PN2 = 1 bar(g) 
o Reheater setting (when used) = 2 
o System flow (through filtration section), Ql = 27 I min'l 
o Las-X sampling flow, q, = 1.25 cm3 S'I 
0: Las-X sheath flow, qsh = 21 cm3 S'I. 
3 
o 
96 
98 
2.55 
2.55 
1.10 
1.12 
probe 
3 
o 
1 
3 
o 
3 
o 
Table 3.2: Summary of IMAGE performance using diethyl sebacate (DES) for particle generation with and 
without a reheater. 
3.1.2.3 Discussion 
Past studies on this type of condensation aerosol generator have shown that the bubbler 
-J 
temperature (TB) is proportional to the geometric particle diameter (dg) generated by a 
power law relationship: 
(3.1) 
where kB is a constant of proportionality determined by calculating T B( dg}'3 for each 
experimental data set (listed in Table 3.2) and plotting kB versus dg• The units of TB and 
dg are in OK and m respectively. Power law fits from these plots were as follows: 
no reheater kB = 700.42(dg},2.9so8 {323 < TB < 382 OK} (3.2) 
106 
reheater 
Chapter 3: Equipment Selection & Experimental Techniques, 
Selection and Evaluation of Clean Filter Media 
kB = 664.14(dg),2.9546 {329 < TB < 374 OK} (3.3) 
Figure 3.6 shows a plot of bubbler temperature, TB (0C), versus geometric particle 
diameter, dg (Iilll) for experimental and fitted data. We can clearly see from Table 3.2 that 
the heating tape furnace montage worked reasonably well as an interim method only. Its 
stability is questionable for long periods of time, as indicated by the differences in bubbler 
temperature observed at each voltage setting and the scatter of resulting values for the 
geometric mean diameter and geometric standard deviation. 
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Figure 3.6: Variation of geometric particle diameter (dg) with bubbler temperature (T DJ for DES aerosols 
generated by the IMAGE with alld without the rehealer. Data plotted for all Las-X probe ranges listed ill 
Table 3.2. 
Using the reheater marginally improves the monodispersity. The relationships given by 
Equations (3.2) and (3.3) were considered to be a useful guide for future calibrations 
using the furnace setup (shown in Figure 3.2), particularly after installation of a 
replacement furnace controller. These relationships also indicate a reasonable agreement 
with that predicted by Equation (3. 1) after consideration of the instability factors . In 
addition, the particle number concentrations generated and aerosol monodispersity are 
suitable for loading tests. It was therefore decided that the IMAGE wou ld be used for 
loading tests in these studies, after installation of a replacement furnace controller unit. 
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Both generators provide an aerosol with a suitable degree of monodispersity for the 
loading tests. However, the IMAGE provides better control and stability than the Liu and 
Whitby generator. It was thus decided to use this method in further work. 
3.2 Calibration of the IMAGE 
After completion of the preliminary tests described in Section 3.2, calibration tests were 
performed on the IMAGE using the original furnace montage. A Eurotherm PID 
temperature controller replaced the old controller, using a type K thermocouple as the 
temperature sensor. An over temperature device was installed onto the furnace since the 
condensate materials selected for these studies have flammable properties above a certain 
temperature. This would cut off the furnace power supply if the pre-set temperature, 
which was lower than the flash temperature of the condensate material, were exceeded in 
the furnace. The remainder of the experimental rig generally remained unchanged, 
however a HAZOP was performed on the rig to determine potential hazards and eliminate 
them by addition of necessary equipment, such as pressure relief and non-return valves. 
Operating parameters kept constant during each run and are listed as follows: 
o Nitrogen pressure, PN2 = 0.3 bar(g) 
o Reheater setting = 3 
o Las-X sampling flow, q, = 1.4 cm3 s·1 
o Las-X sheath flow, q,b = 20 cm3 S·1 
All other operating parameters, including nuclei bypass (Qnb) & filtered nuclei flows 
(Qnf), dilution air (Qair), bubbler temperature (TB), and system flow (Q,) are listed in Table 
3.3, with the corresponding results for geometric particle diameter (dg), geometric 
standard deviation (crg) and total particle number concentration (N) for each sampling port 
respectively. The graphical method (see Appendix) has been used to calculate geometric 
particle diameter (dg) and geometric standard deviation (crg) here. 
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In all cases, the following calculation method has been applied to calculate the particle 
size distribution of the aerosol prior to dilution: 
(a) Baseline or 'clean' air particle size distributions were measured by the LAS-X for 
each dilution air flowrate prior to commencing calibration runs using the same 
sampling and sheath flows shown above; 
(b) Sampled aerosols were diluted with clean dry air m a large container prior to 
measurement by the particle sizers to keep the aerosol concentration below 
coincidence levels quoted by Amold [1991]. The actual aerosol size distribution and 
concentration can be easily determined by a simple calculation method (see 
Appendix); 
(c) Actual particle size distributions were then calculated using Equation (3.7), as detailed 
below. 
Pr~filte'r-Jamplmg :POrtl Post-filter sampling port 
TB Nuclei fraction d, Cl, d. Cl, N 
(degC) to bubbler (-) (JUII) (-) (I'm) (-) (particles m") 
60 0.8 0.32 1.22 0.37 Ll3 1.7SE+l0 
73 0.8 2.S8 LOS 2.S7 LOS 3.04E+l0 
73 0.8 2.60 LOS 2.4S 1.08 2.69E+l0 
73 O.S 2.47 LOS 2.47 1.03 2.23E+l0 
73 O.S 2.40 1.09 2.42 1.04 I.SSE+lO 
73 O.S 2.34 LlI 2.4S 1.03 1.43E+l0 
73 O.S 2.4S 1.04 2.39 LOS 1.2SE+10 
73 O.S 2.34 1.07 2.26 LOS 1.20E+10 
S2 O.S 2.73 1.04 2.74 1.03 2.7IE+l0 
S2 O.S 2.S4 1.02 2.66 1.04 2.1IE+l0 
S2 O.S 2.S3 1.03 2.S2 1.03 LlSE+IO 
S2 O.S 2.68 1.07 2.66 1.06 9.46E+09 
60 0.9 0.31 1.24 0.37 Ll4 1.53E+10 
75 0.9 2.52 1.07 2.49 1.06 7.04E+09 
75 0.9 2.33 1.09 2.31 1.07 7.89E+09 
75 0.9 2.02 1.05 1.96 1.05 2.13E+10 
75 0.9 1.9S 1.07 I.SS 1.07 1.99E+10 
75 0.9 1.90 1.07 I.SI LOS 2.0SE+1O 
S5 0.9 2.72 1.05 2.61 1.07 4.59E+10 
S5 0.9 2.43 Ll2 2.37 1.07 5.0SE+l0 
S5 0.9 2.S6 1.09 2.90 LOS 3.60E+09 
S5 0.9 2.48 1.11 2.41 1.07 2.06E+10 
S5 0.9 2.42 LlO 2.41 1.06 2.8SE+10 
S5 0.9 2.49 LOS 2.23 1.03 2.SSE+l0 
S5 0.9 2.40 LlO 2.23 1.03 3.29E+10 
91 0.9 ll;i!'t~~.-',~:;;!f~ It~r_ .... k -~~~~ 2.75 1.05 2.54E+10 
91 0.9 3.13 LIS 3.00 LIS 1.32E+l0 
Table 3.3: IMAGE calibration data summary using the PlD fornace controller and tape reheater 
If we perform a steady state mass balance across the nuxmg chamber and assume 
negligible losses and perfect mixing on dilution, we get: 
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Qairni,air + Qconcni.conc = Qdilni,dil (3.4) 
where ni,air is the fractional particle number concentration in size range, i, for clean air, 
ni,cone is the fractional particle number concentration in size range, i, leaving the bubbler, 
ni,dil is the fractional particle number concentration in size range, i, of the dilute aerosol, 
and Qair, Qeone and Qdil the corresponding volumetric flow rates for each of these streams 
respectively. Qcone and Qdil are related to the nuclei bypass and filtered flow rates, Qnb and 
Qnf, as follows: 
Q",n, =Qnb +Q nf (3.5) 
Q dU = Qnb + Qnr + Q,;, (3.6) 
Substitution of these expressions for Qeone and Qdil in Equation (3.4) and reaminging in 
terms of ni,eone produces: 
(Q.;, + (Qnb +Qnr ))n;.dil -Q,;,n;.,;, 
n;.",RC = (Qnb +Qnf) (3.7) 
The graphical method for determining the geometric particle diameter (dg) and geometric 
standard deviation (crg) of the undiluted aerosol size distribution was then applied. 
Notice from Table 3.3 that there is little difference in the relations between the two 
sampling portst, indicating that the experimental rig is performing correctly. As 
previously described, the bubbler temperature, TB ("C), versus geometric particle 
diameter, dg (J..Ull) relationship follows a power law expression (rer. Equation (3.1)). The 
following expressions give the best fit to the data listed in Table 3.3: 
For a nucleifraction to bubbler = 0.8: 
kB = 486.27(dg)·2.9744 {333 < TB < 355 OK} (3.8) 
For a nucleifraction to bubbler = 0.9: 
kB = 576.03(dg)·2.9627 {333 < TB < 364 OK} (3.9) 
t Data was obtained without a test filter element in place. 
lIO 
Chapter 3: Equipment Selection & Experimental Techniques, 
Selection and Evaluation o/Clean Filter Media 
Aerosol monodispersity is much more consistent and total undiluted particle number 
concentrations are consistently high (typically between 3.6 xl09 to 5.1 xl 010 particles m-3, 
depending on bubbler temperature). This vindicates the decision to use the instrument in 
the loading tests. Further calibrations of the IMAGE using the furnace setup, were 
performed later. A preheater and reheater were used in all of these tests. These results, 
using both the Aerosizer and Las-X for particle size distribution and concentration 
measurement, are described later in this Chapter. 
3.3 Calibration ofthe.Las-X and Aerosizer 
The Las-X and Aerosizer have been frequently used in these studies to gather data on 
particle size distributions and concentrations collected during equipment evaluation tests 
and filter loading runs. The principle of operation of these instruments can be found in 
Chapter 2. The advantage of using both instruments in these studies is that particle sizes 
in the range of 0.09 to 10 IJlIl or greater can be measured. However, sample dilution is 
necessary to avoid coincidence errors (according to the findings of Arnold [1991]) in the 
Las-X for particle number concentrations above 400,000 particles min-I for a maximum 
Las-X aerosol sampling rate of 1.5 cm3 s-I (Le. 4 x 109 particles m-3). Actual aerosol 
concnetrations were determined from acquired data using the simple calculation method 
described in the Appendix. 
For the integrity of particle size distribution and concentration data to hold, calibration 
tests were performed on each device using standard calibration aerosols of polystyrene 
latex spheres (PSL). 10wt% water based solutions of monodisperse latex spheres in the 
range of 0.1 to 3 1JlIl, supplied by Duke Scientific, were diluted using distilled water_ 
These particular solutions have negligible concentrations of surfactants, which can 
produce excessive frothing during the nebulisation stage of aerosol production. Frothing 
can have an effect on aerosol concentrations generated. The solutions were added as drops 
in 500ml batches of distilled water and thoroughly mixed. The mixture was then placed 
into an ultrasonic bath for approximately 5-10 minutes to eliminate agglomerates and 
disperse particles ready for nebulisation. 
III 
Chapter 3: Equipment Selection & Experimental Techniques. 
Selection and Evaluation of Clean Filter Media 
During each calibration run, a Wright nebuliser, similar to that shown in Figure 2.1 4(b), 
was stocked with a particular latex solution. The nebuliser was throughly cleaned with 
distilled water before adding a new solution to minimise cross contamination. Figure 3.7 
shows a schematic of the apparatus used in the calibration tests. 
Figure 3.8 shows a plot of cumulative undersize by number versus mean particle diameter 
for calibration tests performed on the Las-X and Aerosizer. All data have been normalised 
according to the relative sampling flows of each instrument and are summarised in Table 
3.4. A rotameter was added to the sampling outlet tube to measure the Aerosizer sampling 
inlet flow at the start and end of each run. The sampling flow rotameter on the Las-X was 
used to measure the Las-X inlet sampling flow at each data set reading. 
pressure 
relief 
master filter (1.5 bar(g)) 
(HEPA) 
Compressed 
Nitrogen 
Wrfght 
nebullser 
with 
reservoir 
Diffusion 
dryer 
HEPA 
Laser aerosol 
spedrometer 
(Las·X) 
excessftow 
to exhaust 
Figure 3. 7: Calibration apparatus used to check the factory calibrations of the !as-X and Aerosizer 
Clearly, Table 3.4 shows that Aerosizer data are particularly reliable for particle diameters 
greater than 0.4 /U11; below this level the results were not in agreement with the 
calibration standard size. The Las-X appears to be functioning correctly, showing a close 
agreement with its factory calibration despite the lack of data for the greater than 2 /U11 
particle size range. Notice that some error in particle number concentration measurement 
in the 0.09 to 0.11 /U11 range has been incurred due to small particles of limescale residue 
from the distilled water used to prepare the PSL solutions (ref. lower end of 0.482 /U11 
112 
Chapter 3: Equipment Selection & Experimental Techniques, 
Selection and Evaluation of Clean Filter Media 
Las-X data in Figure 3.8). This phenomenon had also been observed by Kinney et al 
[1 99 1] in their cali bration of the differential mobility particle sizer using 0. 1 ~ PSL 
particles. They compared results obtained from PSL solutions prepared with tap, distilled 
and de-ionised water. De-ionised water in PSL solution preparation was recommended for 
accurate evaluations, although for most purposes distilled water is adequate. They found 
that tap water produced too many residue particles. The geometric mean diameters and 
geometric standard deviations calculated for each test are listed in Table 3.4. 
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Mean particle diameter (~m) 
-+- Las-X: 0.162 microns -+- Las-X: 0.482 microns -+- Las-X: 1.14 microns 
____ Aerosizer: 0.482 microns -+- Aerosizer: 1.14 microns -+- Aerosizer: 2.07 microns 
____ Acrosizcr: 2.62 microns 
Figure 3.8: Cumulative undersize by number versus mean particle diam eter results fro m the Aerosizer and 
Las-X calibration tests. 
Las-X Aerosizer 
PSL standard d, (Ilm) cr, (-) N (p m·3) d, (Ilm) cr, (-) N (p m·3) 
(~m) 
0.162 0. 16 1 l.l 86 1.86 x 1010 N/a N/a N/a 
0.482 0.476 l.l 64 7.37 x 10' 0.503 l.l0 I 5.49 x 10' 
1.14 l.l 34 1.073 5. 19 x 10' 1.1 33 l.l04 3.63 x 109 
2.07 no data no data no data 1.742 1.044 1.24 x 10' 
2.62 no data no data no data 2.598 1.080 8.64 x 10 
Table 3.4: Calibration results for the Las-X and Aerosizer at each calibration standard PSL aerosol. Data 
shown for geomelric particle diameler (dg). geometric standard devialioll (ug) and tOtal number 
concentration (N). Data listed has been averaged from values calculaled from the graphical method and 
Equation (1.4). 
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3.4 Filtration rig 
Figure 3.9 shows a block diagram of the filtration rig used during the present studies. 
Clean dry oxygen-free nitrogen was fust passed through the IMAGE to produce a 
monodisperse condensation aerosol of the chosen condensate material (DES or stearic 
acid in these studies). Prior to starting each day of tests on the rig, the furnace was 
switched on and allowed to reach thermal equilibrium at the desired temperature setting 
(normally taking about 2 hours, depending on the temperature setting). As previously 
explained, this temperature setting is directly related to the geometric particle diameter 
produced by the generator. The condensation aerosol was then charged to the Boltzmann 
~ equilibrium charge condition in a Kr-8S radioactive source, similar to that shown in 
Figure 2.19, and diluted in a mixing chamber with clean dry compressed air. Dilution air 
was regulated using a needle valve on the dilution air rotameter. All equipment was 
~ earthed. 
After dilution, the stream split in two. Excess aerosol was filtered through a master filter 
(HEP A) and exhausted. The remainder passed through the filtration section, comprising 
of two light scattering photometers (LSP), a filter test chamber, two sampling ports, and 
two pressure tappings connected to a digital manometer. Both LSP's and the digital 
manometer were interfaced with a PC via an analogue-to-digital converter. Data logging 
software monitored and recorded the LSP and manometer signals at preset time intervals 
during each run. The filtered stream was then passed through a HEPA filter, a rotameter 
and exhausted.· A needle valve on this rotameter regulated the total flow through the 
filtration section. 
When aerosol sampling was required, the aerosol sampling ports were connected to the 
sampling inlet of either the Las-X or Aerosizer for particle size distribution measurement. 
In some tests, simultaneous sampling by both instruments was carried out, with the 
postfilter shut-off valve closed for sampling prefilter aerosol and vice-versa. Both 
pressure tappings remained open and connected to the digital manometer throughout the 
loading tests. 
Diagrams of the filtration sections for coalescence aerosol and solid particle loading tests 
are illustrated in Sections 3.4.1 and 3.4.2 respectively. 
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Water manometers on the rig provided a means of monitoring the rig operating pressure 
and a pressure relief; and the buffer vessel was used to dampen flow fluctuations caused 
by the exhaust pump (ref. Figure 3.2). 
Flat, supported filter samples under test were mounted between two gaskets, two "holed" 
discs, two gaskets and clamped in the filter holder as illustrated below in Figure 3.10 (a). 
The "holed" discs were aluminium discs of the same outer diameter as the filter holder, 3 
mm in thickness, each possessing either a 3, 50r 8 cm diameter hole in its centre. The 
flow rate through the chamber and hole diameter dictated the face velocity through the 
filter sample, as listed in Table 3.5. Use of gaskets, possessing the same hole diameter as 
the discs in use, ensured that no leakage around the filter edges occurred during loading. 
The upper and lower parts of the filter chamber and disc arrangement were sealed using 
two 8 cm diameter holed gaskets respectively. A photograph of the discs and gaskets used 
may be seen in Appendix 2. 
02.free filtered dry N2 
source 
D~ed flHered 
co,np""",d·alr 
Mixing 
chamber 
Filtration 
section 
Master 
filter 
Exhaust manifold 
Exhaust Exhaust 
port no. 2 port no. 1 
Figure 3.9: Block diagram a/the IMAGEjiltration rig. 
For samples requiring support, 5cm diameter coarse s-mesh supports (shown as grid no. I 
in Figure 3.1 O(b)) were glued to spare 3 cm holed discs and arranged as before, using 5 
cm diameter holed gaskets as spacers where necessary. Those requiring flattening were 
placed on these supports and flattened with a 7 cm square, I mm thick, 3 cm diameter 
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holed brass plate, possessing a parallel array of coarse wires across the hole (marked as 
grid no.2 in Figure 3.10 (b». 
filter chamber 
(upper portion) 
rubber gasket 
(3cm dia. 
hole, I mm 
thick) 
r 
tilter chamber 
(lower portion) 
mbbw gaskets: 
(1) Scm dia. holes & stacked 
to thiclmess as dd'"med by fiter 
sample 
(Z)3cm dia. holed gasketsnsed 
too seal sample as before 
(a) 
aluminium disc 
(.km dia. hole, 3 
mm thick) 
type no.l mesh mounted 
onto a 7cm square brass 
plate (hole dia.3cm, 1 mm 
thick; mesh is coane wires 
laid in I parallel array) 
aluminium dkc with type Do.1 mesh 
(3cm dia. hole, 3 mm thick, mesh is 
• coarse lrire .. mesh) 
(b) 
rubber gasket 
(8ern dia. bole, 1 
mm thick) 
Figure 3.10: Filter sample arrangement Jor loading tests - (a) flat filter samples with own support mesh (in 
liquid filtration filter chamber), and (b) filter samples requiring support and flattening (in solid filtration 
filter chamber). 
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Again, use of gaskets, possessing the same hole diameter as the discs in use, ensured that 
no leakage around the filter edges occurred during loading; and the upper and lower parts 
of the filter chamber and disc arrangement were sealed using two 8 cm diameter holed 
gaskets respectively. 
Disc hole diameter Face velocity, U. System Flowrate, Q, 
(m) (m S'I) (I min'l) 
0.03 0.05 2.1 
0.10 4.2 
0.20 8.5 
0.30 12.7 
0.40 17.0 
0.05 0.01 1.2 
0.05 5.9 
0.10 11.8 
0.08 0.01 3.0 
0.05 15.1 
Table 3.5: System flowrates required for differing filter holder discs and filter face velocities 
Fibrous filters were tested in these studies and will be described in more detail later. 
Unsupported & unflattened samples were cut to 5 cm diameter discs. All others were cut 
to 9 cm or 7 cm diameter discs depending on the disc arrangement being used (and hence 
the face velocity of the test). 
The discs and gaskets were washed in soapy water and wiped clean with isopropyl alcohol 
after each loading run and allowed to dry. The filter chamber, including the LSP's, was 
also cleaned with IPA after each loading run. The rig was dismantled and washed through 
with soapy water after each fortnight of loading tests or when the pipes became too soiled. 
This was allowed to dry before reconstruction. Clean dry air from the dilution air supply 
was used to remove any excess water before tests were begun again (NB. a leak test was 
performed at the same time). The bubbler and associated glassware were cleaned and 
restocked as previously described (Section 3.2.2). 
3.4.1 Liquid particle loading rig 
Figure 3.2 shows a schematic of the filtration rig used in these studies. Note that a Wright 
nebuliser with a larger reservoir replaced the unit shown in Figure 3.2 as it was found to 
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be too small in capacity for the time periods required for liquid particle loading. This is 
illustrated below in Figure 3.11 and the modification CAD drawings may be seen in the 
Appendix. In addition, a schematic of the filtration section is shown in Figure 3.12. 
Figure 3.1 I: Photograph of the enlarged Wright Nebuliser used in salt nuclei generation 
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Figure 3.12: Diagram of the coalescence filtration section 
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A cross-sectional diagram of the filter chamber, adopted from the studies of Graef [1995] 
and Walsh [1995]; may be found in Figure 3.13 and conforms to the ASTM standard 
1215-89. The flow direction through this chamber was from top to bottom. After being 
measured by the prefilter LSP, the test aerosol flow was expanded into a 0.8 m long, 0.08 
m inner diameter pipe in which the flow was allowed to stabilise, producing a uniform 
aerosol concentration profile across the faced area of filter. After challenging the test 
filter, the flow converged into a conical section prior to being measured by the postfilter 
LSP. Tappings above and below the test filter allowed pressure drop measurements to be 
monitored. Test aerosol sampling points were placed 0.1 m above and 0.03 m below the 
test filter. These sampling points were not isokinetic, however Walsh [1995] argued that it 
was inadvisable to disrupt the aerosol flow with a sampling head and calculations suggest 
that inertial classification errors were minimal for the particle sizes measured. He did, 
however, verify this effect by using sampler units in some of his measurements. Figure 
3.14 shows a photograph of one of these units. 
The master filter used in these tests, for filtering test aerosol prior to exhausting, was 
comprised of an 8 cm diameter sample of Whatrnan GFIB glass microfibre media 
mounted between two gaskets and clamped together in a filter holder. This was replaced 
after each loading run, or as necessary. Before each loading run, the LSP's were switched 
on and allowed to warm up (approximately 30 minutes). In addition, the reheater was 
switched on and allowed to reach thermal equilibrium (again, taking about 30 minutes). 
While these were stabilising, filter samples to be tested were cut to size and weighed and 
the data logging software was loaded and all operating parameters entered into it (denoted 
as boundary conditions in the software). The digital manometer was switched on and its 
measuring range selected just prior to commencing tests. 
Two calibration tests were necessary to obtain baseline data for the LSP's, before 
mounting the samples onto the rig ready for loading. In these tests, the holder arrangement 
minus the sample was clamped together. 
The calibration test option was selected in the data logging software and on-screen 
instructions followed. The zero baseline calibration was performed first using dilution air 
only, at the dilution air flowrate and filter face velocity to be used during the loading test. 
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Figure 3.13: Cross-sectional diagram o/thefilter chamber used in the liquid loading tests. 
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Note that the bubbler was isolated from the rest of the system during this test by closing a 
shut-off valve placed upstream of the radioactive source.· On completion of the zero 
calibration, the bubbler shut-off valve was reopened and the nitrogen flow started. 
Figure 3.14: Photograph of two sampler units (one intact & one dismantled) used in these studies in the 
solid particle loading work. 
All flows were adjusted as necessruy using needle valves on the respective rotameters and 
the exhaust pump was always switched on immediately after starting up. The aerosol 
production from the IMAGE was allowed to stabilise for a period of up to 5 minutes 
before the maximum baseline calibration run was commenced. A particle size analysis of 
the loading aerosol was perfonned at the start and end of the maximum calibration using 
the Aerosizer. 
On completion of the calibration run, all flows were shut off using the nitrogen and air 
supply regulators. The filter holder was then unclamped, the test sample placed within it, 
and reclamped. The measurement run screen was then selected on the data logging 
software, after defining the time intervals of each measurement. Data logging was then 
started after starting up the airflow through the system. Aerosol production was started 
about 2 minutes later. Pressure drop readings and gas flows were regularly logged by hand 
during the course of each run. The aerosizer was also used to measure the particle size 
distribution of the challenging aerosol at regular intervals. 
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At the end of each loading run, aerosol production was stopped fIrst, then the dilution 
airflow and the exhaust pump switched off. The fIlter sample was removed from the 
holder and weighed. A fmal zero calibration of the LSPs was performed as before. 
The cleaning process described previously was then performed. If no further tests were to 
be performed, the furnace, reheater, LSP's, digital manometer, Las-X, Aerosizer and PC 
were switched off at the maius; and the nitrogen and air flows were switched off at the 
supply points by closing the relevant shut-off valves. 
The nitrogen pressure through the Wright nebuliser (when used) was set between 0.3 and 
1 bar(g) during all tests. A pressure relief valve was installed on this line, upstream of the 
nebuliser, and set to relief at nitrogen pressures greater than 1.5 bar(g) to avoid 
overpressurising the nebuliser. Similarly, a pressure relief valve was installed on the air 
supply line and set to relief at pressures greater than 1.5 bar(g). 
3.4.2 Solid particle loading rig 
Stearic acid particles were used in this phase of the work. Past studies using stearic acid as 
the condensate material for aerosol production in the MAGE and IMAGE have shown 
consistent data. Initial calibrations on the existing apparatus using stearic acid as the 
condensate material in the IMAGE showed that pipes were clogging too quickly and 
aerosol production was unstable with respect to time, so the liquid loading rig was 
modified. A facility for measuring the grade efficiency of test samples during loading runs 
was also included, since such information on clean, partially loaded and clogged fIlters 
during loading runs would prove to be of value in developing and validating a realistic 
and useful loading prediction model. Figure 3.15 shows a schematic of the solid particle 
loading fIltration section. Photographs of the fIltration section and other parts of the rig 
may be seen in the Appendix. 
3.4.2.1 Modifications to the IMAGE 
. Aerosol stability problems mentioned above were found to be associated with variations 
in nuclei concentrations entering the bubbler during aerosol production. This had a direct 
122 
Chapter 3: Equipment Selection & Experimental Techniques. 
Selection and Evaluation of Clean Filter Media 
effect on the resultant aerosol size, concentration and monodispersity. It was observed that 
the liquid level in the nebuliser had an effect on the polydisperse aerosol mass and 
concentration produced. In addition, stearic acid condensation aerosol production requires 
higher furnace temperatures than DES, so thermal effects are much more significant. For 
instance, the cooler incoming nitrogen-nuclei stream was causing the condensate material 
to cool slightly during the course of time. The fluctuations in aerosol mass, size and 
concentration were therefore a product of these two effects. 
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To alleviate this problem, the Wright nebuliser was replaced by a "constant output 
atomiser" fabricated in the departmental workshop. The design was based on the TSI unit 
shown in Figure 2.14(c) and may be seen in the Appendix. Note that the design was 
modified slightly to allow for ease of cleaning, as explained in the Appendix. To 
minimise the cooling effect, a longer heating tape (2 m long, rated at 240 W.m·') was 
installed for use as a preheater and reheater. Approximately one third of the 2 m length 
was coiled around the pyrex glass bubbler inlet tube, with the remainder covering the 
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reheater section as before. Fibre glass pipe lagging was again used for insulation and 
protection on both sections. 
It was found that nuclei number concentrations generated by the constant output atomiser 
were too high and higher bubbler temperatures were necessary to produce the required 
particle sizes. However, the condensation aerosol produced was very stable with respect 
to time. So, it can be concluded here that the new heating tape arrangement was sufficient 
to avoid premature condensation-material cooling. Two alternative courses of action were 
available in order to reduce the nuclei concentrations to the desired level so that lower 
furnace temperatures could be adopted. The fIrst involved reducing the nozzle or orifIce 
diameter in the atomiser. The second required adding a dilution nitrogen stream to the 
nuclei flow with a fraction of the mixed nuclei stream being fIltered and pumped to 
atmosphere (rather than combining it with the bypass flow as before). Since the grade 
efficiency facility was to be incorporated onto the rig and the aerosols generated by 
nebulisation for this purpose were too concentrated for measurements with the Las-X 
without a dilution nitrogen stream, the second method was adopted as it generated more 
flexibility. These measures served to both stabilise nuclei concentrations and remove 
excess grade efficiency aerosol from the system. For grade efficiency tests, the large-
reservoir Wright nebuliser, used previously in liquid loading tests, was adopted. This was 
obviously cleaned thoroughly before adding a 3 wt% sodium chloride solution in distilled 
water to it. 
3.4.2.2 Other modifications 
Other modifIcations to the coalescence fIltration rig were as follows: 
o A fIlter bypass line was installed to allow stearic acid particle generation 
stabilisation prior to each stage of the loading run. This assured constant condensation-
aerosol particle size and concentration each time the generator was started for loading 
experiments. It also served to reduce excessive fouling in the fIltration section prior to 
fIlter loading. 
o A carbon-vane vacuum pump was installed downstream of the master fIlter in the 
excess aerosol line to stabilise and reduce aerosol concentrations entering the fIltration 
chamber. This also served to reduce pipe clogging. 
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\) An equalisation line incorporating a master filter with one end open to atmosphere 
was added to ensure that the system operated at close to atmospheric pressure. 
\) Two sampler units and a filter holder replaced the filtration chamber shown in 
Figure 3.13: 
(a) Sampler units (shown in Figure 3.14) - each unit has an inlet and outlet port, 
aerosol sampling port and pressure tapping. Isokinetic sampling of the 
upstream and downstream aerosols could be assured, by reducing the gas 
velocity and thus the sampling Stokes number. Representative samples of the 
polydispersed salt aerosol taken upstream and downstream of the test filter 
could then be obtained and used to determine grade efficiency data. 
(b) Filter holder - this did not conform to the ASTM standard (12 I 5-89) used 
previously. However, since 3 cm holed discs would be adopted for all solid 
particle loading tests, the height to diameter ratio requirement of this standard 
was met. Thus a reasonably constant aerosol concentration profile across the 
face of the test filter could be assured. Figure 3.16 shows a photograph of 
soiled filter samples loaded using this setup. Clearly an even concentration 
profile is observed in Figure 3.16. 
Figure 3.16: Photograph of loaded filter samples illustrating that a reasonably constant concentration 
profile had been effected during the test (using the new setup). 
Regular cleaning of the rig, following the same procedures as before assured that pipe 
clogging was minimal. Figure 3.17 shows a schematic flow diagram of the modified 
IMAGE filtration rig, where the legend is listed in Table 3.6. 
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3.4.2.3 Experimental method 
The experimental method for solid particle loading runs was essentially unchanged, 
despite modifications made to the rig. Prior to each day of tests, the LSP's and heating 
tape were allowed to stabilise and the data logging software was loaded as before. The 
Wright nebuliser and atomiser shut-off valves were closed and opened respectively, and 
the atomiser connected to the diffusion dryer inlet @ in Figure 3.17). As previously, 
operating parameters were entered into the software, the filter holder was clamped in 
place (without the test media) and calibration tests performed. Note that during the zero 
calibration, the bubbler was isolated by closing two shut-off valves (one upstream and one 
downstream of the bubbler), the grade efficiency shut-off valve was closed. For the 
maximum calibration, only the grade efficiency shut-off valve was closed. The dilution 
nitrogen flow and filtered nuclei pump were only switched on during the maximum 
calibration. Both the excess flow and exhaust pumps were switched on shortly after the 
airflow through the system was started up to avoid overpressuring the rig. The nitrogen 
supply to the atomiser was set at 2.4 bar(g) when in use. 
On completion of the calibration runs, the filter media was mounted, and the loading run 
performed as before. The dilution nitrogen flow and filtered nuclei pump were set and 
switched on according to the maximum calibration. However before challenging the 
media, the filter bypass line was used (by fully opening the filter bypass shut-off valve) to 
allow stabilisation of the stearic acid aerosol. Data logging was performed throughout, 
both automatically & manually. All gas flows were adjusted as necessary to ensure 
constant flows throughout the test. Both the excess flow and exhaust pumps were 
switched on throughout. 
The shut· down procedure at the end of each run followed the reverse of start up, i.e. the 
filter bypass was opened, bubbler flow stopped, the air flow stopped and exhaust pumps 
(including the excess pump and filtered nuclei pump) switched off. Data logging was 
paused as before, while the media was removed from the holder. Again, a zero calibration 
was performed (as before) for about 5 minutes or so, using the measurement logging 
screen and dilution air only. 
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Later loading runs were interrupted to perfonn grade efficiency tests on clean, partially 
loaded and clogged media. In this instance, data logging was left to proceed as normal, 
stearic acid aerosol production was stopped by shutting off the nitrogen flow and isolating 
the bubbler, and the grade efficiency shut-off valve was opened. Nitrogen flow was then 
restarted after closing the atomiser shut-off valve and opening the Wright nebuliser shut-
off valve. The nitrogen supply from the bottle was shut-off and residual gas contained 
within the supply line to the nebulisers was purged before closing the atomiser shut-off 
and opening the Wright nebuliser shut-off, to avoid overpressuring the Wright nebuliser. 
The atomiser connection to the diffusion dryer @ in Figure 3.17) was then disconnected 
and the Wright nebuliser connection @ in Figure 3.17) to the diffusion dryer connected. 
The nitrogen supply was then set within the range 0.5 to 1 bar(g), with a nebuliser supply 
of about 0.2 to 0.5 bar(g). A dilution flow of nitrogen was also set using a needle valve on 
the dilution nitrogen rotameter, and the filtered nuclei stream flow adjusted until the 
prefilter sample Las-X measurement of the aerosol distribution fell below coincidence 
measurement levels. The dilution nitrogen and filtered nuclei flows were normally 
determined during the clean filter grade efficiency test, performed before starting the 
loading test, so only fme-tuning of these flows was necessary. After completion of the 
grade efficiency test, the grade efficiency shut-off valve was closed and all nitrogen flows 
shut-off from the supply and purged. The Wright nebuliser was disconnected from the 
diffUsion dryer and the atomiser reconnected. The atomiser and nebuliser shut-offs were 
opened and closed respectively. The loading run was then restarted as before, using the 
filter bypass line to allow for aerosol stabilisation prior to mass challenge. 
3.4. 2.4 Analysis of stearic acid loaded filter samples using the scanning electron 
microscope (SEM) 
A 0.5 by 1.5 cm segment was cut out of the filter to be analysed and cemented onto the 
SEM sampling blocks using a conductive resin. The block was then mounted onto a 
guidance rod and placed in a sealed vessel containing liquid nitrogen. The vessel was 
maintained under vacuum after placing the sample in it. The vessel temperature was then 
reduced to a value in the range of -160 to -180°C. Preliminary SEM runs indicated that a 
small quantity water was present in the samples. In order to eliminate this, the temperature 
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was raised to a value in the range of -60 to -90 °C (after the initial temperature drop) and 
dropped again (to a value within the range of -160 to -180 0C). 
After about 5 minutes, the sample was extracted from the preparation vessel and mounted 
into the SEM sampling chamber, maintained under vacuum and cooled using liquid 
nitrogen within the -160 to -180 °C temperature range. The guidance rod was then 
removed, and the sample was coated with a thin layer of gold. SEM analysis began once 
we were satisfied that an adequate coating had been placed on the sample. 
During analysis and coating, the sample chamber was maintained under vacuum and 
within the -160 to -180 °C temperature range using liquid nitrogen. Photographs were 
then taken as appropriate. 
Previous SEM analysis during the studies of Japuntich [1991], Walsh [1995] and Graef 
[1995] have indicated that stearic acid readily evaporates in the sample chamber due to 
heat generated by bombardment of the sample by the electrons and the vacuum of the 
chamber. Thus in order to facilitate SEM analysis of samples tested during these studies, 
it was necessary to adopt the method described above. 
In some of the SEM photographs obtained during these studies, crystallisation of collected 
stearic acid had occurred due to the length of time between performing the loading test 
and analysis by the SEM. It was found that this could be minimised (to an extent) by 
storing samples in a sealed container in a refrigerator during the interim period between 
loading the sample and SEM analysis. In addition, the sample was kept reasonably dry by 
placing some silica gel in its storage container. This had the added benefit of reducing the 
amount of time required to remove water from the sample during the SEM sample 
preparation period. 
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Valves 
V2 
V3 
V4 
V5 
V6 
V7 
aerosol to filtration 
i~ :!~:; nuclei regulator ~ to bubbler shut-off 
11 ~~~li::t;air to nuclei pump regulator filtration section shut-off 
ill~ains compressed air supply shut-off 
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tapping 
VI2 Pre-filter sampling line shut-off 
V13 Post-filter pressure tapping shut-off 
VI4 Post-filter sampling line shut-off . 
VI5 Filter bypass regulatorlshut-off 
VI6 Filter flow regulator (on rotameter) 
VI7 Make-up air to filtered aerosol pump 
regulator 
VIS Nitrogen to atomiser shut-off 
V 19 Nitrogen to Wright nebuliser shut-off 
1~~~~~~~::~~p:re:s:sure~"-jI ~~~~~::~::~~~::~re~l~ie~f~(se:t~t:O~3~_5~· NRV for grsde efficiency y"."u," relief(set 
Filters 
DH! Nitrogen feed Domnick Hunter filter (Oil-X) 
DH2 Compressed air feed Domnick Hunter filter (Oil-X) 
FI Nuclei filter (Whatrnan type 3 paper + Whatrnan type GFIB glass microfibre) 
F2 Excess aerosol line master filter (Interfilta IDDlKES3BN) 
F3 'Test filter 
F4 Filtered aerosol line master filter (Interfilta IDDlKES3BN) 
F5 Equalisation line master filter (Interfilta IDDlKES3BN) 
Pumps & Rotameters (all Pllton rotameters) 
PI 
P2 
P3 
Instruments 
RI 
'R2 
R3 
Dilution nitrogen flow + regulator (1 - 121 min"l) 
Bypass nuclei flow + fine regulator (0.2 - 41 min- I ) 
Filtered nuclei flow + regulator (I -121 min-') 
R4 Dilution air flow + regulator (6 - 50 I min-') 
R5 Excess aerosol flow + regulator (6 - 50 I min-') 
R6 Filtered aerosol flow + regulator (I - 10 I min-') 
gauge 
reli,ef (2ft water gauge maximum) 
with PC) - DPM model TT470S 
line water manometer/pressure relief(Sft water gauge maximum) 
water manometer/pressure relief (Sft water gauge maximum) 
air line water manometer/pressure relief(5ft water gauge maximum) 
aerosol line water 
Table 3.6: Legend to the flow diagram of the modified IMAGEfiltration rig (Figure 3.17) 
129 
Chapter 3: Equipment Selection & Experimental Techniques. 
Selection and Evaluation of Clean Filter Media 
.~ 
.. 
. g 
g 
<i!. 
~ 
ti!H .l/ ~ in " fSiU ~ " t Jl " 
"& 
~ht .Jj il d ) " ~ JUt I .., rJl ilH .:.: 
..... 
Ni 
1! 
~ 
130 
Chapter 3: Equipment Selection and Experimental Techniques. 
Selection and Evaluation a/Clean Filter Media 
3.5 Challenge aerosol characteristics 
Filter loading behaviour is affected by several parameters, where the challenge aerosol 
characteristics play a critical role. Important properties of the test aerosols used during the 
course of these studies have been listed in Table 3.7. Typical cumulative number 
undersize versus mean particle diameter plots are shown for each of these aerosols ill 
Figures 3. 18, 3.19 and 3.20 respectively. 
Material Aerosol type/ generat ion Particle 
method sha e 
Sodium Polydispersel nebulisation of Cubic 2 160 
chloride 3wt% NaCI (in water) solution 
Di-ethyl Monodisperse/ condensation Spherical 963 
sebacate usin the IMAGE 
Stearic acid Monodisperse/ condensation Spherical 841 
(us in the IMAGE) 
Table 3. 7: Challenge aerosol characteristics 
HX)O/o 
~ 
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Figure 3.18: Cumulative number undersize versus mean particle diameter plot for polydisperse sodium 
chloride grade efficiency test aerosol generated by a Wright nebuliser and measured using the LasX 
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100% 
90% 
80% 
70'% 
60% 
500/0 
40% 
300/0 
200/0 
100/0 
0"10 
0.1 
Mean particle diameter (I1m) 
---.- dg = 0.38 microns, gsd = 1.20 
--- dg = 0.74 microns,gsd "" 1.20 
• dg = 1.43microns , gsd = 1. 18 
-+- dg = 0.41 microns, gsd = 1.21 
• dg "" 0.94 microns, gsd "" 1.1 7 
10 
Fig ure 3. 19: Cumulative number undersize versus mean particle diameter plot for mOllodisperse di-ethyl 
sebacate liquid particle loading test aerosol generated by the IMAGE and measured using the LasX. 
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• dg = 1.25 microns, gsd = 1.08 
10 
Figure 3.20: Cumulative number undersize versus mean particle diam eter plots for monodisperse stearic 
acid solid particle loading test aerosols generated by the EIMAGE and measured using the Aerosizer. 
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3.6 Test filter selection 
Chapter 2 describes a number of different types of filter media, each presenting its own 
advantages and disadvantages. The performance of three different types of fibrous media 
were tested during the course of this work: 
o Melty fibres manufactured by Unitika Corporation, Japan, possessing a sheath-core 
construction, supplied unflattened and unsupported. Samples were flattened and 
compressed between two flat aluminium plates to a desired thickness (according to the 
required packing density) by use of aluminium spacers. This montage was then 
clamped tightly and placed in an oven at 150°C for I hour. This media was used to 
evaluate the functionality and data reproducibility of the filter testing rig, by 
producing stearic acid particle loading data that could be directly compared to 
published works (Graef [1995]). In addition, data obtained offered information on 
filter loading behaviour for large fibre diameter filters for comparison with simulated 
results. 
o Stainless steel fibrous' webs (Bekaert Bekipor® WB media) supplied unflattened and 
unsupported. Samples were flattened and compressed using the filter holder setup 
shown in Figure 3.1 O(b) to produce any desired packing density. The fairly open 
structure of this material meant that samples could be loaded with solid aerosol 
particles in a reasonable period of time. Several fibre diameter filters were used to 
assess the effect of fibre diameter on loading behaviour. This data could also be used 
in evaluating the model described later. Table 3.8 lists supplied filter characteristics. 
Compressed filter characteristics are shown later for each filter type tested. Both solid 
and liquid particle aerosols were loaded onto this type of filter. 
o Bekaert Bekipor® ST stainless steel sintered fibrous media, supplied flat and with or 
without a stainless steel mesh support (mesh size 48). Samples tested in these studies 
were supported and multi-layered according to the data given in Table 3.8. This media 
was primarily used to assess liquid particle loading behaviour, however some data 
were obtained for solid particle loading. This was a high fibre packing density 
material 'which enabled liquid aerosol loading tests to be carried out in a practical 
timescale. 
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3.7 Physical characteristics of test filter media 
Physical properties of the filter samples listed above can be found in Table 3.8. Properties 
listed include: fibre type and manufacturer, fibre material, fibre diameter (dr), supplied 
packing density (lXr,supplied), supplied filter thickness (tr,supplied), material density (Pr), 
surface weight (S), and pore diameter (dpore). The pore diameter has been calculated from 
the following relation (Benarie [1969]): 
(3.10) 
Where dr is the fibre diameter and 1Xr the packing density for the filter. 
Figures 3.21, and 3.23 to 3.24 show scanning electron microscope (SEM) photographs of 
clean samples of the filter media listed in Table 3.8. 
Figure 3.21 shows SEM photographs ofMelty Fibres illustrating (a) a single fibre, and (b) 
a fibrous mat of compressed media at a packing density of about 10%. Melty Fibres are 
composed of vitreous 100% polyester with a sheath-core construction. The core of the 
fibres consisted of high-glass transition temperature polyester. This was coated with a thin 
layer of low-glass transition temperature polyester, as illustrated in Figure 3.22. This 
construction allows the possibility of making test filters of different desired packing 
densities, so that the product of the packing density and filter thickness was constant. 
Filter samples were cut to 5 or 7 cm diameter circles, with the mass and thickness being 
measured for each before each loading test (to confirm the packing density). 
It is clear from Figure 3.21(b) that the outer sheath creeps during the curing period to form 
occasional 'bulges' on fibres or welds between fibres. These welds set on cooling to 
maintain a flattened compressed fibrous web. The effect of these 'bulges' on filtration 
parameters can be assumed to be negligible. This media possesses a very open pore 
structure, so the 'shadow-effect'~ of 'bulges' on fibres and at fibre-fibre intersections is 
minimised by the low fibre proximity. 
I i.e, the gas flow field around a fibre can be affected by fibres in close proximity 
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(b) fibrous mat at arE 10% 
Figure 3.21: SEM photographs of Melly Fibres taken during these studies. 
low-glass transition 
temperature polyester 
-r __ high-glass transition 
temperature polyester 
Figure 3.22: Sheath-core construction of Melly Fibres 
Figure 323 shows a SEM photograph of Bekaert Bekipor® ST-IOAL3 fibrous filter 
media. This type of filter is multi-layered, so only the top layer of each can be seen. The 
Appendix shows photographed cross-sections through each type of ST media listed in 
Table 3.8. Samples were set in low viscosity resin, sectioned, polished and photographed. 
The photographs obtained were subsequently analysed using Visilog™ software to 
calculate (for each layer): fibre diameter, thickness, and packing density. 
Figures 3.24 and 3.25 show SEM photographs of Bekaert Bekipor® WB-2/150 and WB-
12/300 fibrous filter media respectively. This media is clearly monodisperse in nature and 
21lffi media has a much fmer pore structure than the 121lffi fibrous media. Of the samples 
tested in these studies, both Melty Fibres and Bekaert Bekipor WB media will be of 
primary interest later in evaluating the theory. 
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Figure 3.23: SEM photograph of clean Bekaert Bekipor@ST-10AL3fibrousfilter media. taken during the 
current studies. 
(a) a single 2 J.U11 fibre (b) fibrous web 
Figure 3.24: SEM photograph of clean Bekaert Bekipor@ WB 2/150 fibrous filter media (taken during the 
current studies). 
(a) a single 12J.U11 fibre (b) fibrous web 
Figure 3.25: SEM photograph of Bekaert Bekipor@ WB 12/300 fibrous filter media (taken during the 
cu"ent studies). 
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3.8 Clean filter behaviour of test media 
The behaviour of clean samples of supplied and compressed filter media listed in Table 
3.8 were assessed at various face velocities. The following sub-sections show clean filter 
experimental results obtained for the change in pressure drop with face velocity and grade 
penetration data at a number of different face velocities. 
3.8.1 Clean filter grade efficiency oftestfdters 
Grade efficiency tests were perfonned on each media type listed in Table 3.8, using the 
solid particle filtration rig, polydisperse sodium chloride aerosol and the LasX. It has been 
shown by that the Las-X can be used to provide excellent grade efficiency data 
(Szymanski [1999]). Grade penetration vs. mean particle diameter data is shown in 
Figures 3.26 to 3.32 as follows:· 
o 0.05 m S·I for 2,4 and 8 I.tnl fibre diameter WB media at rxr = 0.6% 
o 0.10 m S·I for 1.5, 2, 4, 8 and 12!l11l fibre diameter WB media at rxr= 0.6% 
o 0.21 m S·I for 1.5, 2, 4 and 8 !l11l fibre diameter WB media at rxr= 0.6% 
o 0.10 m S·I for 1.5, 2, 4, 8 and 12 !l11l fibre diameter WB and 32.4 !l11l fibre 
diameter Melty media at ar = 1.9% 
o 0.10and0.20ms·1 for Me1ty media at rxr= 1.9 and 9.3% 
o 0.15 and 0.10 m S·I for ST-3AL3 media as supplied 
o 0.21,0.10 and 0.05 m s·1 for ST-IOAL3 as supplied 
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Filter Media Name Fibre Fibre Supplied 
Producer Material Diameter Packing 
(um) Density (%) 
Unitika Poiyester 
Corp., Melty Fibres (sheath·core 32.41 0.81 
Japan construction) . 
Layer I: 4 Layer I: 41 
ST3AL3 Layer 2: 2 Layer 2: 42 
"' mesh: 130 mesh: 9.45 
" 316L Stainless 'Oh (see Appendix 3.4) (see Appendix 3.4) 
-@ Steel (sintered 
.li fibres) Layer I: 8 Layer I: 20 
<J ~ STlOAL3 Layer 2: 4 Layer 2: 24 ~ 0 mesh: 130 mesh: 9.45 c. 
e ;J;l (see ADoendix 3.41 (see ADoendix 3.4) 
oS " 
"" 
a:I WB 1.5/150 1.5 0.64 
i WB 2/150 2 0.64 .. 316L Stainless 
-lj WB 4/150 4 0.64 
a:I Steel 
WB 8/300 8 0.64 
WB 121300 12 0.64 
Table 3.8: Filter characteristics for the fibrous media tested in these studies 
I measured from SEM photographs of clean filter samples (from the current studies) 
• as published in the Bekaert Fibre Technologies Beldpor® filter catalogue (1995) 
Supplied Filter Material Surface Pore 
Thickness Densl~ Weight Diameter 
(mm) (2 cm (2 m") (IIm) 
12 1.571 No data 484.71 
0.35' Layer I: 3.83 
Layer I: 0.166 7.800 975 Layer 2: 1.87 
Layer 2: 0.323 mesh: 400 
. (see Appendix 3.4) 
0.32 Layer I: 14.42 
Layer I: 0.084 7.800 600 Layer 2: 6.23 
Layer 2: 0.242 mesh: 400 (see ADoendix 3.41 
3 150 22.00 
3 150 29.33 
3 7.800 150 58.67 
6 300 117.33 
6 300 176.00 
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Data plotted in Figures 3.26 to 3.32 IS listed in Appendix 2 with arithmetic standard 
deviations for each data set. Please note that arithmetic standard deviations for the 
penetration data sets were typically between 2 and 5% for mean particle diameters of less 
than about 1.75 I-lm, and larger mean particle diameters fe U below an arithmetic standard 
deviation of 10%. In addition, between 8 and 20 data sets were obtained in each grade 
efficiency test to assure reproducibility and reduce errors due to sampling. 
It is clear from Figures 3.27 and 3.28 that the clean filter grade penetration responses for 8 
and 12 !J.m media are very similar. As a result, only general loading tests were performed 
on 8 !J.m media with interrupted' loading tests being performed on the 12 !J.m media. A 
similar trend has been observed for 1.5 and 2 I-lm media (Figure 3.28). Thus, in order to 
conserve supplies of filter media (only limited quantities were available), 1.5 I-lm media 
was only used in liquid loading experiments, and the 2 !J.m media used in solid particle 
load ing tests. 
• • • 
10010 
0. 1 
• WB 2I 150 
. . -".~;­
• 
1.0 
Mean particle diameter (J.Lm) 
• WB4I 150 • WB 8I300 -+- WB I2I300 I 
10.0 
Figure 3. 26: Clean fi lter pelletration verSIlS mean particle diameter fo r 0.6% packing density Bekaert 
Bekipor@ WB fib rolls media at 0.05 m s' Jace velocity. Data is plolled Jor 2, 4, 8 and 12 )JIII fibre 
diameters . 
. i.e. grade efficiency tests performed at different stages of particle loading 
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• 
L 
1.0 10.0 
Mean particle diameter (",m) 
• WD 2I I50 • WB 4I150 • WB &lJOO --+- WBI2IJOO I 
Figure 3.2 7: Clean filter penetration versus mean particle diameter Jor 0.6% packing densiry Bekaert 
Bekipor@ WB fibrous media 1lI 0./0 In s" Jace velocity . 
• ---:--1 1 · -'~_-'.--+-~-'~.'-~.--.--------------------' 
• 
~ 
~ 
• ~ 
c 
'" ~ ." 10010 ~ :: 
" c 
" ... 
0.1 1.0 10.0 
M ean particle diameter (JJ.m) 
---+- WB 1.51150 • W B 2I 150 • WB4Il50 • WB &l300 
Figure 3.28: Clean filrer penetration versus mean particle diameter Jor 0.6% packing density Bekaert 
Bekipor@ WB fib rous media al 0.21 11/ si face velocily. Data is plolled for 1.5, 2, 4 and 8 pJII fibre 
diameters. 
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1.0 10.0 
Mean particle diame ler ij,Lm) 
___ WB 2I ISO WB 4II50 WO 81300 -+- WB 121300 -+- Melty 
Figure 3.29: Clean jilter penetrarion verSlIS mean particle diameter for 1.9% packing density Bekaert 
Bekipor@ WB and Melty fibrous media at O. I 0 m s·, face velocity. 
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Figure 3.30: Clean filter pelletration versus mean particle diameter for 1.9 and 9.3 % packing density 
Bekaert Bekipor@ WB alld Melty fibrous media al 0.10 and 0.20 III S·I face velocity (N. B. C1j- is shown as a 
ill the legelld above). 
141 
;? 
~ 
c 
0 
." ~ 
:: 
~ 
c 
~ 
.. 
Chapter 3: Equipment Selection and Experimental Techniques, 
Selection and Evaluation a/Clean Filter Media 
lOO'OO%~~~ 
1O.()()01o 
1.00% 
• 
" • • 
0.10% h. 
\ .. 
0. 1 1.0 10.0 
M ean particle diame ter (I1m) 
• Uo = O.lOm's " Uo = 0.15 I1v s 
Figure 3.31: Clean filter penetration versus mean particle diameter plots for Bekaert Bekipor@ ST-3AL3 
fibrous media at 0.10 and 0.13 m s·/ face veloci fY. 
0.1 1.0 10.0 
Mean pa rticle di ame te r (j..Lm) 
• Uo = 0.05 m's " 0.10 IlVS • Uo = O.2 1m's 
Figure 3.32: Clean filter penetration versus mean particle diameter plots for Bekaert Bekipor@ ST-IOA L3 
fibrous media at 0.05, 0.10 and 0.21 m.s·1 face velocity. 
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3.8.2 Clean filter pressure drop -face velocity characteristic 
Clean filter pressure drop measurements at various face velocities were measured prior to 
commencing each loading test using the filtration rigs described earlier. Linear fits 
(described by Equation 3.11 below) were applied to the data obtained and the results are 
listed in Table 3.9 for each of the filter types lisb:d in Table 3.8 at various packing 
densities. 
chi2 = degree or accuracy of fit (3.11) 
where for a clean filter, 6.Pf is the pressure drop, Uo is the face velocity and aap is a 
constant of proportionality. 
Media 
WB 1.5/150 
WB 21150 
WB 121300 
ST3AL3 
ST 10AL3 
a., as supplied (ref. Table 3.6) 
aap 
(pa s m") 
318.7 
23.1 
8557.8 
121.5 
12.9 
99.9% 
100.0% 
99.9% 
99.9% 
99.9% 
a.,= 1.9% 
aAp 
(Pa s m") 
a., = 9.2% 
aAp 
(Pa s m") 
Table 3.9: Clean jilter pressure drop -face velocity linear datajit results for jibrous media listed in Table 
3.8 at various packing densities. 
It is clear from the data shown in Table 3.9 that the filtration rig is functioning correctly 
and reliably. 
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4. Experimental Results 
A number of fibrous filters were selected as discussed in Chapter 3 for testing on the solid 
and liquid filtration rigs described previously. So far, only clean filter behaviour has been 
assessed. In this chapter, the results of a series of loading experiments are described, using 
monodisperse solid and liquid particle aerosols. Experimental data acquired during grade 
penetration tests conducted for clean, partially loaded and loaded filters are also described 
where appropriate. 
This chapter has been split into two parts according to the nature of the aerosol being 
loaded onto filter samples: 
I;) Section 4.1 describes the solid particle loading work, using stearic acid condensation 
aerosols, conducted during the present study and includes grade penetration data for 
sodium chloride aerosols at different stages of particle load. 
I;) Liquid loading data is described in Section 4.2. Results of loading onto mono- and 
multi-layered media are initially shown and a discussion of the general loading 
behaviour is given. Data from the study of other effects on the loading response are 
then shown and discussed. 
4.1 Solid particle loading 
Solid particle loading tests were conducted on a number of filter samples using 
monodisperse stearic acid aerosols generated by the modified IMAGE. Several effects on 
loading behaviour have been studied during the course of the current work. This section 
has been segmented according to the effects being studied. Loading data reproducibility is 
initially discussed, followed by a short discussion on the effect of aerosol concentration 
on loading behaviour. The last two sections describe trends in loading behaviour due to 
different operating or filter parameters, and SEM photographs of loaded filters. A 
summary of experimental observations is then described at the end of this section. 
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4.1.1 Sample to sample reproducibility of experimental results 
Several samples have already been assessed for their clean filter behaviour and described 
in Section 3.8. The results obtained indicated reliable and consistent data acquisition. 
However, in order to confirm the validity and reproducibility of the equipment and 
experimental protocol for loading tests, a series of solid-particle loading tests using stearic 
acid condensation aerosols were carried out using selected media described in Table 3.8. 
A summary of the test runs shown here is listed in Table 4.1 as follows: 
o Face velocity (Uo); 
o clean filter: pressure drop (M'r), packing density (ar); 
o stearic acid aerosol: geometric particle diameter (dg), geometric standard deviation 
(crg), total particle number concentration (N). 
Figures 4.1 to 4.4 show pressure drop versus mass deposited" and penetration versus mass 
deposited" responses for each of the filter media loading tests listed in Table 4.1. Further 
sample to sample reproducibility data is shown in Appendix 3 for additional verification 
purposes if required by the reader. 
Sample No. a,(%) U, (m .-1) M',(pa) d. (IUD) cr, (-) N X 10'IO (p m"'l 
14 3.4 0.84 1.05 1.56 
15 1.9 0.20 3.6 0.76 1.06 1.41 
.. 16 3.4 0.83 1.06 2.27 e 17 3.5 0.79 1.06 1.40 .Q 
..: 31 3.6 1.60 1.09 2.86 E 
" 
35 3.7 1.58 1.10 2.74 
::;] 36 9.3 0.10 3.4 1.11 1.08 3.23 
37 3.4 1.06 1.08 3.00 
38 3.4 1.06 1.08 2.31 
2 19.6 1.32 1.08 4.14 
WB 3 1.9 0.10 19.5 1.34 1.10 4.15 4/150 4 19.0 1.31 1.11 2.98 
5 . 18.5 1.24 1.07 3.39 
WB 1 1.9 0.10 12.2 1.32 1.07 4.49 
8/300 2 12.4 1.32 1.10 3.92 
Table 4.1: Summary of sample to sample reproducibility assessment - solid-particle loading tests 
conducted on a selection offlbrousfilter media listed in Table 3.8 . 
• Mass deposited data was detennined from the LSP data and differential filter mass (i.e. loaded filter mass 
- clean filter mass) using the calculation method described in Appendix 1. 
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We can see from Figures 4.1 to 4.4 that data reproducibility is satisfactory for all of the 
filters tested, after considering the effects of slight variances in loading particle diameters 
and sample to sample variability. In addition, general loading responses shown in Figures 
4.1 to 4.4 are consistent in shape to those previously reported by Graef[1995] (ref. Figure 
2.8) and Walsh [1995], who used a similar experimental set-up in their studies. 
4.1.2 Ellectol aerosol concentration on filter loading behaviour 
It could be thought that the aerosol concentration being challenged onto a filter sample 
affects its loading behaviour. These studies require that aerosol concentration should have 
negligible effect on loading. Past studies by Walsh [1995] have conclusively shown that 
there. is little or no concentration effect on filter loading behaviour, so it was deemed 
unnecessary to investigate this phenomenon any further in these studies. 
4.1.3 Trends in solid particle loading behaviour 
Some solid particle loading behaviour has already been illustrated in Figures 4.1 to 4.4 for 
the filters assessed in these studies. General trends observed are now categorised and 
characterized to provide definable parameters for purposes of comparison. 
4.1.3.1 General trends 
Figure 4.5 shows a typical pressure drop versus mass challenge (or mass deposited) curve 
for a constant face velocity and loading particle size. The corresponding penetration 
response may be seen in Figure 4.6 on log-linear axes. Plotting pressure drop or 
penetration against mass challenge produces the same shape of curve as plotting against 
mass deposited, so the regions and parameters labelled in Figures 4.5 and 4.6 are equally 
valid, provided that it is clear which mass is being referred to. In these studies, mass 
deposited will be adopted when describing experimental results. Three loading regions are 
defmed in Figures 4.5 and 4.6: 
o Depth filtration - a region of slow linear increase in pressure drop and fall in (log) 
penetration. Particle collection occurs on fibres deep within the filter bed. The clean 
filter pressure drop and (log) penetration are shown for reference. Theoretical 
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prediction or good estimations of the clean filter pressure drop and (log) penetration 
are possible. 
o Transition region - non-linear region of increase in pressure drop and fall in (log) 
penetration. The rate of change in these two parameters gradually increases with 
particle collection. Particle-particle collection occurs with increasing frequency as the 
mass challenge/deposit rises and dendritic structures form. Filter pores are 
increasingly narrowed until they become clogged and a cake forms. on its leading 
edge. In general, the filtration process changes from depth to surface filtration and 
many factors (e.g. particle capture coefficients, filter pore diameter distribution, filter 
inhomogeneity and dendritic growth patterns) may be interacting to produce the non-
linear response. 
o Surface filtration - a region of steep linear increase in pressure drop and fall in (log) 
penetration. Particle-particle collection occurs on the surface (or leading edge) of the 
filter cake. 
By drawing tangents to the linear parts of the curve (i.e. depth and surface filtration parts 
of the curve), we can define a number of critical points: 
o Lower transition point. LTP - point of the tangent touching the loading characteristic 
curve at the end of the depth filtration (only) region and indicates when particle-
particle collection begins. 
o Critical intersection point. ClP - intersection of surface and depth filtration tangents. 
o Clogging point or (upper transition point). CP - point of the tangent touching the 
loading characteristic curve at the start of the surface filtration (only) region, and 
indicates when the filter cake was formed. It is also a useful reference for predicting 
the filter lifetime. 
Parameters relating to each stage ofloading are defmed in Figures 4.5 and 4.6 as follows: 
o Mj is the mass challenged or mass deposited. The SUbscript 'j' is substituted by LTP, 
CIP and CP depending on which of the points described above is being defmed. In 
addition, the subscript 'f,O' denotes the initial or clean filter property. 
o ~Pj is the corresponding pressure drop across the filter using the same nomenclature as 
above. 
o Similarly, Pj is the filter penetration. 
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Figure 4.5: T.lpic(l1 pressure drop l 'erSIlS III(1SS challenge (or mass deposited) behaviour whell loadillg 
.Iibro /ls .lillers with solid particle aerosols. 
4.1,3.2 Sample to sample reproducibility loading tests - summary of loading 
parameters 
Table 4.2 summarises clean and loaded fi lter parameters using terms previously described 
in Section 4.1 .1 as fo llows: 
o Clean filter - packing densi ty (ad, pressure drop (6pr.o), penetration (Pr.o), single fibre 
efficiency (11 'i), pore diameter (dpo,,) and initial mass of filter (Mr.o); 
o Clogging point characteristics offilter - mass loaded (Mcp), pressu re drop (6pcp) and 
penetration (Pcp); 
o Loadedfi lter - mass of filt er at the end of the test (Mr.1oad). 
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Satisfactory reproducibility of the clean and clogged fi lter parameters listed in Table 4.2 
has been observed, after consideration of loading particle diameter and sample to sample 
variations for each loading test. 
4.1.3.3 Sample to sample reproducibility loading tests - Grade penetration test 
results 
Grade penetration tests were conducted at differen t stages during each loading run using 
the LasX for all of the samples li sted in Tab les 4.1 and 4.2. 
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Sample No. ar(%) d .. " (I1m) ~Pr" (pa) Pr" (%) T!., (%) M~, (g) Mr"".(g) Mcp(gm'z) ~pcp(Pa) Pcp(%) 
14 260.8 3.4 99.8 0.05 0.2992 0.4015 41.8 192.5 18.6 
15 261.4 3.6 99.0 0.30 0.2393 0.2851 38.8 189.7 . 9.6 
1.9 
16 261.2 3.4 98.5 0.44 0.2499 0.3083 40.4 164.7 18.2 
.. 17 261.6 3.5 98.7 0.69 0.2390 0.2873 39.6 173.6 13.0 .. 
.. 
,.Q 
0:= 31 100.7 3.6 95.4 0.00 0.2851 0.3301 15.6 36.2 31.9 
~ 
'al 35 100.5 3.7 98.9 0.64 0.2796 0.2944 15.4 41.0 31.9 :;] 
36 9.3 100.9 3.4 97.7 0.60 0.3169 0.3287 13.2 87.4 1.9 
37 101.0 3.4 98.7 0.33 0.3107 0.3349 13.2 114.0 0.0 
38 100.7 3.4 98.1 0.49 0.3076 0.3371 13.4 121.7 0.0 
WB 4/150 2 32.2 19.6 55.8 9.36 0.2790 0.2880 10.3 148.0 0.0 
3 32.2 19.5 64.6 7.03 0.2672 0.2954 10.2 144.4 0.7 
1.9 
4 32.2 19.0 64.5 7.04 0.2793 0.2824 Not clogged Not clogged Not clogged 
5 32.2 18.5 59.5 8.32 0.2622 0.2765 9.8 165.7 0.0 
WB 8/300 1 
1.9 
64.4 12.2 78.7 3.9 0.5264 0.5472 15.9 117.2 0.9 
2 64.4 12.4 78.4 4.3 0.5715 0.6114 16.0 131.9 1.5 
Table 4.2: Summary of clean and loaded filter parameters for the reproducibility tests described in Section 4.1.1. 
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Figures 4.7, 4.8 and 4.9 show grade penetration curves at different stages of loading fo r 
1.9 and 9.3% pack ing density Melty, and 1.9% pack ing density Bekaert Bekipor® WB 
41150 fibrous media samples li sted in Tab les 4 .1 and 4.2. 
We can ded uce fro m Figures 4.7 to 4.9 that as loading progresses, the max imum of each 
grade penetration curve shifts towards the left (i.e. small er part ic le sizes). Clearly, as more 
and more particles are coll ected onto the filt er media, its efficiency increases. The gradua l 
increase in particle-particle collection during loading results in a finer pore size 
di stri bution that all ows fewer and fewer la rge parti cles to pass through, particul arly after a 
cake has started to develop on the filter surface. 
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Figure 4. 7: Penetration versus meal! particle diameter at \'ar;OU$ stages of stearic acid panicle loading 
./or 1.9% packing del1si~)I Melty samples 15. 16 alld 17. 
Addi tional data are given in Appendix 3 for other fibrous filters tested for reproducibi lity. 
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4.1.4 Solid particle loading behaviour - investigation of other effects 
A large number of loading tests were performed on various samples of filter media listed 
in Table 3.8 during these studies. In this section, the effects of face velocity, loading 
particle size, filter packing density and filter fibre diameter on loading behaviour will be 
shown. Please note that only a limited proportion of data acquired during these studies for 
a selection of filter media samples and types is shown to illustrate the trends observed. 
4.1.4.1 Effect of face velocity on loading behaviour 
Samples of Melty fibres and Bekaert BekipOl® WB 21150 filter media were compressed 
and loaded with monodisperse stearic acid particles at different face velocities. 
Pressure drop versus mass deposited, and penetration versus mass deposited data are 
shown in Figure 4.10 for 1.03 IlIIl (sample average) stearic acid particle loading onto 
1.2% packing density Melty samples loaded at 0.10, 0.20 and 0.30 m s,! face velocity. 
Pressure drop and penetration versus mass deposited curves for 1.9% packing density 
Bek:aert Bekipor® WB 21150 filter media are shown in Figure 4.11 for 1.25 IlIIl stearic 
acid particle loading at 0.06 and 0.12 m s'! face velocities. Operating and loading 
parameters for each of these loading runs are summarised in Table 4.3. 
In addition, grade penetration data were measured using sodium chloride aerosol and the 
LasX at various intervals during the Bekaert Bekipor® WB 2/150 filter media loading 
tests, and is illustrated in Figure 4.12. For 1.2% packing density Melty fibres, the 
Aerosizer was used to assess the penetration of loading aerosol at different stages of 
loading in order to verifY data obtained using the LSP's. No grade penetration tests were 
performed on this media using salt aerosols because the LasX was being serviced at the 
time. These results are listed in Table 4.4 as follows: 
o Face velocity, Uo; 
o Clean filter- pressure drop (~pr.o), penetration (Pr.o) and initial mass of filter (Mr.o); 
o Loaded filter - pressure drop (ftpr .. ), penetration (Pr .. ) and loaded mass of filter (Mr . .) 
where n is the grade penetration test number (i.e. 1, 2, 3 and 4). 
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Sample Sample «Xc V. APr .• d, a, N x 10-10 
No. No. (%) (m 5') (pa) <Ill11) (-) (p m"') 
4 4 0.10 1.5 1.06 1.08 1.11 
6 6 1.20 0.20 2.4 1.06 1.08 1.84 
7 7 0.30 3.9 0.97 1.08 2.96 
3 3 0.06 38.1 1.25 1.09 3.67 
1.92 
6 6 0.12 70.4 1.25 1.08 3.62 
.. (a) Operatmg conditIOns and aerosol charactenstIcs 
Media Sample «Xc d,..n M(, t.p(. p(' 11. M oo•d Mer Apa Pa 
No. (%) (Jun) (g) (pa) (0/.) (%) (g) (g m-') (pa) ('1'.) 
4 338.3 0.4936 1.5 99.5 0.15 0.5605 62.4 98.9 26.3 
f 6 1.20 339.9 0.5116 2.4 99.2 0.23 0.6111 61.9 119.3 32.6 
7 337.9 0.4804 3.9 99.7 0.08 0.5641 61.1 146.3 40.0 
0 3 17.4 0.2404 38.1 12.0 17.0 0.2632 11.0 128.5 0.0 ~ .,.. 1.92 -
-
6 17.4 0.2726 70.4 8.0 20.3 0.2850 7.0 319.1 0.0 
'" 
(b) Summary ofloadmg charactenstIcs 
Table 4.3: Operating. loading and grade penetration results for stearic acid particle loading onto 1.2% 
and 1.9% packing density fibrous filters at various face velocities. 
Sample Ap(. M t,. p(' 
No. (pa) (g) (%) 
4 1.5 0.4936 99.7 
6 2.4 0.5116 99.2 
7 3.9 0.4804 99.7 
Sample APr'] M,,3 
No. (Pa) (g) 
4 60.4 
6 
7 
t.P(l 
(pa) 
6.4 
4.4 
9.0 
Pr'] 
(%) 
Mr.l 
(g) 
0.4951 
0.5120 
0.4805 
Ap(. 
(pa) 
Pr,l Apr., 
(%) (pa) 
91.9 (92.7) 20.4 
99.3 (99.2) 35.3 
99.4 (99.5) 33.7 
Pr .• 
(g) (%) 
872.2 0.5624 4.65 (4.63) 
M(, Pr~ 
(g) (%) 
0.5053 75.5 (76.5) 
0.5193 83.8 (86.2) 
0.4837 89.2 (89.7) 
Table 4.4: Pressure drop, mass deposited & penetration data at each grade penetration testfor 1.03 pm 
stearic acid particle loading on 1.2%packing density Melty fibres at 0.10, 0.20 and 0.30 m si face velocity. 
Aerosizer-measured penetration data is shown in brackets. 
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Figure 4.11 : Pressure drop ami pellet ration versus mass deposifed ./or 1.25 f.J1II stearic acid parTicle 
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Figure 4. J 2: Pelletrtltioll verSIlS mean particle size I or Bekaert Bekipo,.~ WB 21 J 50 sltIinless sleel lI1 edia 
lotulillg with 1.25 ).1111 sTearic acid particles at O. (}6 alld (J.12 '11 s" /lice veloci~)I. Grtlcle penetration dtlfa /01' 
variolls particle sizes at d{Oerent stages oIloading is sho\\'1/. 
Clearly, an increase in face velocity results in much more pronounced responses in 
pressure drop and penetration as mass load increases. In addition, face ve locity effects are 
more pronounced in the 2 ~m fi lter media (ref. Figure 4.11) than observed for Melty 
fibres (rer. Figure 4.10). The effects observed here are discussed in greater detail in 
Chapter 6. 
4.1.4.2 Effect of loading particle size on loading behaviour 
The effect of loading geometri cal particle size was investi gated. Stearic acid particles 
were loaded onto compressed (and cured) Melty fibrous filter media samples at 1.9% 
packing density and 0.10 m S·1 face velocity. 
Pressure drop versus mass deposited, and penetration versus mass deposited data are 
shown for 0.84, 1.28 and 1.47 ~m stea ri c acid particle loading onto 1.9% packing density 
Melty samples in Figure 4.13 . 
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loading at 0./ m S-l 0 11 to Me/ty sample 18. 
Table 4.5 li sts operating and loading parameters fo r these loading runs. 
Sample a,- U, t.p tO d, a, N x to''' 
No. (%) (m SI) (Pa) (Il"') (-) (p m") 
18 1.9 0.84 1.07 2.56 
19 1.9 0.10 1.6 1,47 1. 14 1.88 
20 1.8 1.28 1.05 2.43 
.. (b) Operating condlllOns and aerosol characlcl'I Sll CS 
Sample 
'" 
d pt1rf l\l f.ll Ol)r.o Pr.o rhl M U"lIti 1\1('1> Apcr Pn· 
No, (%) (I'm) (g) (Pa) (%) (%) (g) (g m-2) (I',) (%) 
18 260.8 0.2403 1.9 97.6 0.69 0.309 1 49 . .1 178.0 6.9 
19 1.9 260.2 0.2568 1.6 96.7 0.96 0.4 169 55.0 55.3 60.8 
20 262.1 0.2799 1.8 96.6 1.02 0.366.1 51.7 98.0 29.9 
(C) Summary of loading characteristics 
Table 4.5: Operatillg. loading and grade pellelrarioll reslllls lor 0.84. 1.2H "lid 1.47 pm stearic acid 
particle loading all / .9% packil/g dellsiry MellyJibres at O. / m S- l face I'e/vcity . 
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Grade penetration data was taken at various stages of loading and is illustrated in Figure 
4.14 for Melty sample 18 onJyt. 
4.1.4.3 Effect of packing density on loading behaviour 
The packing density of compressed (and cured) Melty fibrous filter media was altered to 
assess their loading responses. 1.06 lUll stearic acid particles were loaded onto 1.2 and 
9.3% packing density Melty fibres at 0.10 m S·1 face velocity. Loading characteristics are 
shown for 1.06 lUll stearic acid particle loading onto 1.2 and 9.3% packing density Melty 
samples in Figure 4.15. Corresponding operating and loading characteristics are listed in 
Table 4.6. Grade penetration data for different stages ofloading is not shown here as these 
tests were only performed on the 9.3% packing density sample, however this information 
may be found in the Appendix (ref. Melty samples 4 and 37). This was due to the 
unavailability of the LasX (it was being serviced) during the 1.2% packing density media 
loading test. 
a, u. Ap~. d. 0". N X 10-10 
(0/.) (m 51) (pa) (IJ.DI) (-) (p m-') 
1.2 1.5 1.06 1.08 1.11 
0.10 
9.3 3.4 1.06 1.08 3.00 
.. (a) Operatmg condItIons and aerosol charactenshes 
a,(%) d,..R M~. !.pu p~. 11. M~d Mcp Apcp Pcp 
()un) (g) (pa) ('le) ('le) (g) (g m") (pa) ('/0) 
1.2 391.5 0.4936 1.5 99.5 0.17 0.5605 62.4 98.9 26.3 
9.3 116.9 0.3107 3.4 98.7 0.39 0.3349 12.3 98.5 1.0 
(b) Summary of loading charactenshes 
Table 4.6: Operating, loading and grade penetration results for 1.06 pm stearic acid particle loading on 
1.2 and 9.3% packing density Melty fibres at 0.1 m SI face velocity. 
t Please note that only clean filter grade penetration data was taken for samples 19 and 20 and is not shown 
in Figure 4.14 for clarity. However, reproducibility oflhis data was assured. Clean filter grade penetration 
data for sample 19 and 20 are listed in Appendix 3 for reference. 
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4.1.4.4 Effect of fibre diameter on loading behaviour 
The effect of fibre diameter on solid particle loading behaviour was investigated using 
compressed (and cured) Melty fibres and compressed Bekaert Bekipor® WB 21150, 
4/150, 8/300 and 12/300 stainless steel fibrous filters. Past studies on solid particle 
loading behaviour have not investigated the fibre diameter effect on loading, so these 
results will provide invaluable information on this phenomenon. Samples were loaded 
with stearic acid particles as follows: 
(a) Bekaert Bekipor® WB 4,8 and 12 /llIl media with ar= 0.6%, Uo = 0.05 m S·I and dg = 
0.96/llIl; 
(b) Bekaert Bekipor® WB 2, 4, 8 and 12 /llIl and Melty 32.4 /llIl media with (J.f = 1.9%, 
Uo = 0.10 m S·I face velocity and dg = 1.32 /llIl (batch average of dg with cr. = 2.1 %). 
Figure 4.16 shows the loading characteristics for 0.96 /llIl stearic acid particle loading 
onto 0.6% packing density samples of Bekaert Bekipor® 4/150,8/300 and 12/300 fibrous 
media. Corresponding data for 1.32 /llIl stearic acid particle loading onto 1.9% packing 
density samples of Bekaert Bekipor® 2/150, 4/150, 8/300,12/300 and Melty fibrous 
media is shown in Figure 4.17. Grade penetration results at various stages of particle load 
for each respective batch of samples are illustrated in Figure 4.18. Only a clean filter 
grade penetration test was performed for the Melty sample shown in Figure 4.18 (b). 
Operating and loading parameters for each fibre diameter-loading test are summarised in 
Tables 4.7 and 4.8 respectively. 
d,Otrn) CJ{(%) U.(m Si) II.P'.' (pa) d, (""') a, (-) N I 10'" (p rn'') 
4 4.0 0.96 1.06 1.79 
8 0.6 0.05 3.1 0.96 1.06 1.76 
12 1.2 0.96 1.06 1.83 
2 61.2 1.32 1.10 3.92 
4 19.5 1.34 1.10 4.15 
8 1.9 0.10 12.4 1.32. 1.10 3.92 
12 4.4 1.36 1.10 4.03 
32.4 1.8 1.28 1.05 2.43 
Table 4.7: Operating conditions and aerosol characteristics for 0.96 and I.n pm (average) stearic acid 
particle loading on 1.9% packing density fibrous filters at 0.05 and 0.10 m SI face velocity respectively. 
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Figure 4.16: Pressure drop and penetration versus mass deposited fo r 0.96 11111 stearic acid particle 
loading ollfo 0.6% packing density fibrous media at 0.05 III S-1 face velocity. 
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Figure 4.17: Pressure drop and penetration versus mass deposited for 1.32 Ilm (average) stearic acid 
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d, 
'" 
d.,~ Mc,. bp~o Pr., '1. Ml;Iood Mer Apcr PCI' 
(J1II1) (%) (jun) (g) (pa) (%) (%) (g) (g m") (pa) (%) 
4 58.6 0.5049 4.0 70.4 5.69 0.5839 37.9 206.0 0.00 
8 0.6 117.0 1.0309 3.1 89.9 1.71 1.2765 52.6 401.1 0.00 
12 176.1 0.9177 1.2 99.9 0.00 1.1902 69.0 602.0 0.00 
2 16.1 0.2672 61.2 7.5 . 20.82 0.2727 2.3 152.2 0.00 
4 32.2 0.2672 19.5 64.7 7.01 0.2884 6.2 125.5 1.4 
8 1.9 64.4 0.5715 12.4 76.4 4.32 0.5974 10.7 101.2 2.9 
12 96.6 0.5572 4.4 83.0 4.51 0.5813 15.1 72.3 7.1 
32.4 261.7 0.2799 1.8 96.6 1.04 0.3663 51.7 98.0 29.9 
Table 4.8: Summary of loading characteristics for 0.96 and 1.32 pm (average) stearic acid particle loading 
on 1.9% packing density fibrous filters at 0.05 and 0.10 m s' face velocity respectively. 
4.1.5 SEM analysis of loaded Bekaert Bekipor@WBfibrous media 
Loaded samples (tested at 0.10 m S·1 face velocity) of Bekaert Belcipor® WB 4/150 and 
8/300 media were observed using a scarming electron microscope (SEM). A diagrammatic 
representation of a cross-sectional view through a loaded sample of Bekaert Belcipor® 
WB 4/150 media can be seen in Figure 4.19. SEM photographs taken of the region 
indicated in Figure 4.19 can been seen in Figures 4.20 to 4.22 inclusive. 
Regions of interest are dermed in Figure 4.19, described (from left to right) as follows: 
o Filter cake (Figure 4.20) - particle dendritic growths have developed to the 
extent that they have bridged and formed a porous cake on the front edge of the 
filter media. Particle-particle collection only occurs in this region once the cake 
has formed (surface filtration) as more particles are loaded onto the filter. 
o Heavily loaded region (Figure 4.21(a» - particle dendrites can be clearly 
seen in large numbers. 
o Lightly loaded region (Figure 4.22(b» - mainly single particles can be 
seen. These were likely to be collected during the initial stages of the loading test 
when depth filtration was occurring. Particle-particle collection has also occurred 
to an extent, prior to the filter becoming clogged. 
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The photographs shown in Figure 4.22 are cross-sectional views of Bekaert BelcipO/® 
WB 8/300 sample I, loaded with 1.32 1ill1 diameter stearic acid particles at 0.10 m S·I face 
ve locity, located near the front edge of the sample. It is clear from Figure 4.22 that a 
combination of single particles and particle dendritic growths are present. The single 
particles were collected during the initial stages of the loading test when depth filtration 
was occurring. As the loading test progressed, particle-particle collection increasingly 
occurred, so that a number of dendritic growths have begun to develop on, or, in some 
cases, completely coated the fibres. 
Figures 4.23 and 4.24 show SEM photographs viewed from the front edge of Bekaert 
Belcipor® WB 8/300 media (sample 2), for 1.32!J.1l1 diameter particle loading at 0.10 m S·I 
face velocity. 
GaSflOW '" I 
~----2000 I-lm---- - 1 000 I-lm-
approx . 
Ca) exlent of the region photographed 
• 
• • 
0 
• 
• 0 0 
0 
0 
• 0 
0 0 
filter 
oak. 
heavily loaded region lightly loaded region 
Cb) location of photographed areas shown in Figures 4.25 and 4.26 
Figure 4.19: Cross-sectional diagram of a sample of compressed Bekaert Bekipor @ WB 41/50 media 
showing 1.3 I-lJ1l stearic acid particle loading at 0.1 IIU- } face velocity. Diagrammatic views illustrating the 
length of th e photographed region and location of these photographs (in relation to full size of sample). 
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Ca) overview 
Cb) magnified view of tlle cake region 
Figure 4.20: Cross-section through a sample of compressed Bekaert Bekipor@ WB 4/150 media showing 
1.3 1"n1 stearic acid particle loading at 0.10 m s" face velocity. SEM photographs af the fram e"d of the 
sample showing views of the fi lter cake at different magnifications. 
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(a) at the centre of the region indicated in Figure 4. 24(b). 
(b) taken at the right hand side of the region indicated in Figure 4 .76(b). 
Figure 4.21: SEM photographs of a cross-section through a sample of compressed Bekaert Bekipor@ WB 
41150 media showing 1.3 IJm stearic acid particle loading at O. I 0 m S-I face velocity. 
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Ca) overview 
Cb) magni tied view 
Figure 4.22: SEM photographed cross-sectional view 0/ a sample of Bekaert Bekipor@ WB 8/300 media 
(sample I). 1.32 pm stearic acid particle collection 0 11 fi bres loaded al 0.10 m s'/ fa ce velocity is shown /or 
all area o/the fi/ter that is located "ear the/ront edge o/the sample. 
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Figure 4.23 shows a heavi ly particle-loaded fibre located just above the filter cake. A less 
heavily loaded fibre, located in the vicinity of the filter cake edge, can be seen in Figure 
4.24 at different magnifications. The dendritic growths observed in Figures 4 .23 and 4.24 
appear to have developed upwards and outwards on the front edge of the fibre. This 
would indicate that interception is the most predominant collection mechanism, perhaps 
with some inertial effects. 
Figure 4.23: SEM photographed view of the front edge a 1.32 J.D1I s tearic acid particle loaded sample of 
Bekllert Bekipor@ WB 81300 media (sample 2) at 0.10 m S·I lace velocity. A particle-laden single jibre 
located o ver or close to {he fi lter cake is showl!. 
4.1.6 SUlllmary of solid particle loadi/tg behaviour 
Experimental data for several filter samples has been described in Sections 4.1.1 to 4. 1.5 
for loading effects, SEM observations, and grade penetrations at various stages of loading. 
Loading experiments studied the individual effects of face velocity, challenge aerosol 
size, and fi lter packing density and filter fibre diameter on loading behaviour respectively. 
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(a) overview 
(b) magni tied view 
Figure 4.24: SEM photographed vielV of the fro", edge a loaded sample of Bekoert Bekipor@ WB 81300 
media (sample 2). 1.32 ,un stearic acid particle col/ection Oil fibres loaded at 0.10 III S·I face velocity is 
shown for th e [tlter cake. Close~up views of a dendrite-loaded single [tbre locared near the edge of tlte [tlrer 
cake. 
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In summary, the following trends were observed: 
o In all experiments, the shape of pressure drop versus mass deposited and penetration 
versus mass deposited curves consistently follow the general trends illustrated in Figures 
4.8 and 4.9 respectively. 
o Grade penetration data obtained at various stages during each loading run show a 
consistent trend of a shift to the left of the maximum penetration particle diameter. In 
addition, interruption of the loading tests to perform grade efficiency tests does not 
appear to have had any adverse effects on loading responses measured . 
. 0 For constant filter packing density, filter fibre diameter and loading particle size, the 
effect of increasing face velocity results in a more rapid rise in pressure drop and 
collection efficiency. Similar trends are observed for an increase in packing density, and 
decrease in loading particle size, when all other parameters are kept constant. 
o For constant filter packing density, face velocity and loading particle size, the effect 
of fibre diameter on loading results in steeper responses in pressure drop and collection 
efficiency at smaller fibre diameters. 
o SEM photographs were taken of various partially loaded and loaded filter samples. 
Photographs for Bekaert Bekipor® WB 4/150 and 8/300 fibrous filters showed cross-
sectional and frontal views of fully loaded samples and fibres. A porous filter cake is 
clearly seen in Figures 4.20 and 4.23. In Figures 4.20 to 4.21, a depth effect on particle 
collection in Bekaert Bekipor® WB 4/150 media is illustrated by the gradually receding 
occurrence of dendritic growths towards increasing numbers of single particles as the 
observer moves through the depth of the filter from the front edge. 
4.2 Liquid particle loading (or coalescence filtration) 
4.2.1 Introduction 
In Section 4.1, a number of solid-particle loading tests were described. Filter packing 
density, loading particle diameter, filter face velocity and filter fibre diameter effects on 
solid-particle loading behaviour were studied. 
In this section, liquid particle loading responses at various operating conditions are 
described for Bekaert Bekipor® WB and ST stainless steel fibrous filters listed previously 
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in Table 4.1. Di-ethyl sebacate particles of high concentrations were generated by the 
IMAGE using the liquid filtration rig described in Chapter 3. Liquid loading tests were 
conducted during the earlier part of these studies and it became clear that the loading 
responses obtained were far more complex than expected, so more detailed loading tests 
were begun using solid particles. In addition, each liquid-particle loading test typically 
took 2 to 3 days to perform. To date, few researchers have studied liquid particle loading 
to the degree of loading described here. The results obtained gave rise to a number of 
interesting observations and will provide an opportunity for future workers to investigate 
the trends observed in greater detail. 
4.2.2 Liquid particle loading - general loading response 
DES loading onto two types of wettable Bekaert stainIess steel media are illustrated in 
this sub-section: Bekipor® WB 1.51150 and Bekipor® ST-10AL3. The filter performance 
in terms of pressure drop and penetration with increasing mass challenge for each media 
type is illustrated. Operating conditions for the tests described in this sub-section are 
listed in Table 4.9 for each filter mediat . 
Media Sample 1Xr U. <\p~. d, 0', NxlO'" 
Type No. (%) (m 5.1) (Pa) (JUlI) (-) (p m") 
WB 1.51150 I 0.6 0.12 36.9 2.13 1.06 4.95 
ST IOAL3 28 26.2 0.16 178.5 2.61 1.08 5.15 
Table 4.9: Operating conditions and aerosol characteristics for Bekaert Bekipor@fibrous media loading 
with DES particles. 
4.2.2.1 Bekipol'WB 1.5/150 
Figure 4.25 shows a pressure drop versus mass deposited and penetration versus mass 
deposited curve for DES particle loading onto Bekipor® WB 1.5/150 fibrous media. Data 
plotted in Figure 4.25 indicates a much more complex loading response than found in 
I The experimentally derived filter packing density is listed in Table 4.1 for Bekaert Bekipor® STlOAL3. 
This is effectively a composite filter packing density for the two fibre diameter layers and the support mesh. 
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solid particle loading, due to the ability of liquids to flow and coalesce. Pressure drop and 
penetration versus time responses for this media may be found in Appendix 3 (for 
reference). 
Table 4.10 lists loading parameters for this loading test, where the clogging point data 
listed relates to point (P) shown in Figure 4.25. 
Sample CIf dp,N M r,. !>p" Pt. 'I. M ...... Ma !>pep Per 
No. (%) (J.un) (g) (pa) (%) (%) (g) (g m") (pa) (%) 
I 0.6 22.0 0.4748 36.9 8.7 14.84 0.8985 422.5 71.9 0 
Table 4.10: Summary of loading characteristics for Bekaer'/ Bekipor@ WB 1.5/150 media loading with 2 
pm DES particles at 0.12 m SI face ve/ocity. 
Three regions of interest have been identified in Figure 4.25 and some explanation§ for 
the behaviour observed is described as follows. 
(a) Initial loading region - pressure drop per unit mass deposit increased slowly, and the 
penetration fell accordingly. The general trend is analogous to the initial response 
found in solid particle loading, however the rate of pressure drop increase and 
penetration reduction was much slower than expected due to the effect of liquid 
coalescence and relocation. At the early stages of loading within this region, single 
particle capture (or dropwise collection) has occurred deep within the filter bed, 
virtually having no effect on fluid flow through the media. As loading progressed, 
particle-particle capture, liquid relocation and coalescence increasingly occurred, 
resulting in formation of liquid bridges that increased collection efficiency. A slight 
reduction in filter pore size also occurred, which resulted in an increased resistance to 
fluid flow through the media. 
I Other explanations for the observed behaviour are possible. For example, a dynamic equilibrium involving 
fonnation and rupture of films in the filter provides an interesting possible phenomenon. 
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Two minimum penetration points (I) and (2), were observed prior to the filter 
becoming truly clogged"; a possible explanation for this behavour is described as 
follows: 
(I) An equivalent solid-particle loading clogging point. The rate of pressure drop 
increase was less significant than would be expected due to the 'dampening' 
effects of liquid relocation and coalescence. The degree of fibre wetting at this 
stage was minimal, indicating that the filter pore size was virtually unchanged 
by collected liquid. However, it was sufficient to produce enough liquid 
bridges to enhance the collection efficiency as indicated by the more rapid fall 
in penetration to point (I). 
(2) A second equivalent clogging point. The extent of fibre wetting in this case 
was greater than in (I), however the rate of pressure drop increase and thus the 
reduction in filter pore size was still virtually unaffected. As in (I), the 
collection efficiency was enhanced by the presence of liquid bridges. 
(b) Approach to equivalent clogging point (P) - with more liquid collection, the pressure 
drop rose more rapidly to reach a maximum at (P) and the penetration fell accordingly 
to a minimum at (P). Further liquid collection resulted in an increased rate of liquid 
bridge formation that progressively enhanced the fibre collection efficiency, and it 
caused a reduction in filter pore size by partially (or totally) clogging pores available 
for gas flow, thus generating a greater resistance to gas flow through the media. 
( c) Plateau or pseudo-steady state region - as liquid loading progressed further, a fall in 
the rate of increase in pressure drop to a 'plateau' or equilibrium level occurred. The 
penetration rose accordingly. In this instance, collected liquid has relocated and 
coalesced to the extent that fibres are coated with liquid films. Filmwise particle 
collection has been shown in past studies to be less efficient than dropwise (see 
Chapter 2), as confirmed by the observed increase in penetration for this region as the 
liquid films have developed. Further liquid particle loading is possible on reaching the 
pseudo-steady state region, where equilibrium exists between liquid particle 
collection, relocation, coalescence and drainage. To date, it has not been conclusively 
shown that re-entrainment exists in this region as part of the equilibrium condition, 
although this phenomenon should not be ruled out. 
., Figure (4.28) illustrated later shows that this is a reproducible effect 
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Figure 4.25: Pressure drop alld penetration versus mass deposited for Bekaert Bekipor@ WB 1.5/ 150 
stainless steel media loading with 2 J.Un DES particles at 0./2 f11.S-J face velocity. Labels shown: (a) initial 
loading region, (b) approach to equivalent clogging poilll (P), and (c) plateau or pseudo steady state 
region. The dotted line indicates the probable location of (P) as LSP penetration data was below the zero 
error threshold in this region (set at 0.37% arithmetic standard deviation (ASD)). 
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Table 4.11 lists pressure drop (L\.pl, t.P2), penetration (PI, P2), and mass deposited (MI, 
M2) data for previously illustrated points (I) and (2) respectively. 
Sampte No. "'PI (Pa) MI (g m" ) PI (%) "'p, (Pa) M, (g m" ) P, (%) 
I 38.9 6.4 6.9 42 .9 70.3 4.3 
Table 4. 11 : Pressure drop. penetration and mass deposited data for points (I) and (2) shown ill Figures 
4. I , 4.2 and 4.3 for 2 1/111 DES particle loading OlltO Bekaert Bekipor@ WB 1.51150 media at 0. 12 m s' face 
velocity. 
4. 2. 2. 2Bekipo~ ST 10AL3 
Figures 4.2 1 shows pressure drop versus mass deposited and penetration versus mass 
deposited curves for DES particle loading onto Bekipor® ST IOAL3 fibrous media. We 
can see from Figure 4.26 that coalescence filtration loading on multilayered filters (with 
different fibre diameters in each layer) produces a more complex response than observed 
on the monolayer media. Pressure drop and penetration versus time responses for this 
media may be found in Appendix 3 (for reference). 
Table 4.12 li sts loading parameters for the Bekaert Bekipor® ST IOAL3 sample load ing 
test illustrated in Figure 4.26. The clogging point data listed in Table 4 .12 relates to points 
(PI ) and (P2) shown on Figure 4.26. In addition, composite values for the packing density 
(ar) and single fibre efficiency (l1 s;) are li sted. 
Sample 
'" 
d JHIrt Mr.o .o.Pr.o Pr.o Tl. MrJold Mcp APcp Pcp 
No. (%) (J.un) (g) (Pa) (%) (%) (g) (g m" ) (Pa) (%) 
28 26.2 layer I: 14.4 3.2667 178.5 7. 1 55.17 3.7878 111.4 (PI) 398.5 (P I) 3.0 (PI ) 
layer 2: 6.2 543.6 (P2) 1778.5 (P2) 0.4 (P2) 
mesh: 400 
Table 4. J 2: Summary of loading characteristics for Bekaert Bekipor@ST IOAL3 media loading with 2.6 
pm DES particles at 0.16 m s'/ f ace velocity. 
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Figure 4.26: Pressure drop and penetration versus mass deposited for Bekaert Bekipo/' ST IOAL3 
stainless steel media loading with 2.6 pm DES particles at 0.16 m.s·1 face velocity. Labels shown: (a) initial 
loading region I, (b) approach 10 initial clogging point (PI), (e) plateau or pseudo steady state region I, 
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2, and (g) plateau or pseudo steady stale region 2. 
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As with the mono-layered media, several regions have been identified in Figure 4.26 in 
order to explain the loading response, described as follows: 
(a) Illitialloading region I - the rate of increase in pressure drop and fall in penetration 
fo llows a similar trend to that found in the monolayer media. In this case, however, 
the rate of increase is slightly greater due to the significantly higher packing density of 
this filter media. In this instance, the packing density effect has had a greater effect on 
loading than the fibre diameter effect due to its higher magnitude. Most parti cle 
capture has occurred deep within the filter bed in Layer I with smaller proportions of 
challenge particles being captured in the second layer in the same way. 
(b) Approach to illitial cloggillg poillt (PI) - The rate of increase in pressure drop rose 
more steeply to a max imum level (P I) with increasing particle depos ition, much in the 
same way as (P) was approached the monolayer media. The penetration fell 
accordingly to a minimum at (P I), denoted as the initial clogging point. Collected 
liqu id has relocated and coalesced to fonn liquid bridges at fibre-fibre intersecti ons 
within this region, primarily in Layer I , with a smaller proportion occurring in Layer 
2. This has resulted in enhanced co llection efficiency and reduced filter pore size as 
previously observed for the monolayer media. 
(c) Plateau or pseudo-steady state regioll J - After further liquid particle deposit, the 
pressure drop increase has slowed once more to a pseudo-steady state region and the 
penetration has r isen accordingly. As before, liquid relocation and coalescence has 
occurred on the fib re surfaces to generate liquid films. In this case, however, the 
equilibrium condition was relatively short-lived due particle capture by dropwise 
collection on 'clean' fibres in Layer 2 being more favourable than film wise in Layer 1. 
This trend is indicated by the slight rise in pressure drop (due to partial clogging of 
filter pores by co llected liquid) and corresponding fall in penetration towards the end 
of this region. 
(d) Jllitialloading region 2 - the rate of increase in pressure drop and fall in penetration 
has occurred at a slow pace, following a similar trend to that observed in region (a) . 
Dropwise collection deep within Layer 2 of the filter (which has smaller sized fibres 
than layer 1) occurred in preference to film wise capture in Layer 1, indicated by the 
slow fa ll in penetration within this region. The rise ill pressure drop is gradual due to 
the minimal resistance to gas flow through the layer. 
184 
Chapter 4: Experimental Results 
(e) Approach to equivalellt cloggillg poillt (P2) - As with layer I, the rate of increase in 
pressure drop has risen more steeply to a maximum level (P2) with increas ing particle 
deposition. The penetration has fallen accordingly to a minimum at (P2) due to 
enhanced collection efficiency by liquid bridges. In this case, however, the liquid 
bridges have primarily developed within Layer 2, although some enrichment may have 
occurred by drainage fTom Layer I. The rise in resistance to gas flow through the 
media has resulted from collected liquid partially clogging pores as previously 
observed. 
(I) Approach to plateau regioll 2 - Further loading leads to a second pseudo-steady state 
region, where the pressure drop and penetration has risen to a maximum. Liquid films 
have developed in Layer 2 in much the same way as in Layer I . 
(g) Plateau or pseudo-steady state regioll 2 - The pressure drop and penetration fluctuate 
around a maximum. Further liquid particle loading is possible on reaching this 
pseudo-steady state region, in which dynamic equilibrium exists between liquid 
particle collection, relocation, coa lescence and drainage. Note that in thi s case, 
however, the pressure drop may be unacceptable for some filtration appli cations. 
4.2.3 Liquid particle loadillg - other effects Oil loadillg respollse 
After invest igating the general loading response in coalescence fi ltration on the Bekaert 
stainless steel media, a number of tests were performed to analyse the effect of individual 
operating parameters on loading. Whilst maintaining all other operating parameters 
constant in each test, the followi ng effects on coalescence loading were studied: fi lter 
fibre diameter, dr, filter face velocity, Uo, challenge aerosol geometric mean particle 
diameter, dg, and filter packing density, am. These results are detailed in the subsequent 
sections. The liquid loading rig described in Chapter 3 was used in all of these tests and 
the following operating conditions were used (Table 4. 13). 
Please note that the experimentally derived or composite filter packing density is li sted in 
Table 4.13 for Bekaert Bekipor0 ST I OAL3 samples. [n addition, a list of effects studied 
from each test is listed using the nomenclature shown in the above paragraph. 
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Media Sample V, APr., a, d, cr, N X 10-10 Effect 
Type No. (m Si) (Pa) (%) (I'm) ( -) (p 01.3) studied 
2 0. 10 32.0 2.08 1.06 5.60 dr 
WB 1.51150 
I 0. 12 36.9 0.6 2. 13 1.06 4 .95 V, 
WB 8/300 I 0.10 5.5 2.01 1.07 1.94 dr and am 
32 0.Q3 38.0 26.3 2. 12 1.07 5.82 V, 
29 0. 10 11 2.5 26.5 2. 16 1.09 5.56 Cl", 
3 1 0.11 129.5 26.2 2. 15 1.07 6.10 (see 
below) ' 
ST IOAL3 42 0. 12 134.0 26.5 2. 11 1.07 3.56 U, 
30 0.22 249.6 26.2 2.01 1.11 4.54 U, 
33 0. 14 165.0 26.2 0.80 1.08 2.67 d. 
30 & 32' 0.14 162.2 26.3 2. 07 1.09 5.22 d, 
29& 31' 0.10 11 3.5 26.4 2. 16 1.08 5.83 Cl", 
Table 4.13: Operating conditions alld aerosol characteristics for Bekaerr BeJ..:ipor@fib rous media loading 
with DES particles. Effects studied are listed/or reference. 
4.2.3.1 Effect of fibre diameter, d" on loading response 
Bekipor® WB 1.51150 and WB 8/300 fibrous fi lter samples at supplied packing densities 
were loaded with 2 f.lm DES particles at 0.10 m.s· l . Figure 4.27 shows pressure drop and 
penetration versus mass deposited curves for loading onto Bekaert Bekipor® WB fibrous 
media. Data shown in Figure 4.27 has been plotted for the initial loading region only for 
clarity . Table 4.14 lists loading parameters for all Bekaert Bekipor® WB media listed in 
Table 4.13 . Clogging point data is listed for point (P) shown later in Figure 4.28 for 
Bekaert Bekipor® WB 1.5/ 150 . 
. (pressure drop), (penetration) and (Upre,t - U pre .O) data for equi va lent time increments from each loading 
test was averaged and a correction factor applied. The mass deposition iteration (rer. Appendix 2) was then 
calculated in order to illustrate the likely loading response fOT this media faT assessment of geometrical 
mean particle diameter and packing density eITects on loading. 
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Figure 4.27: Pressure drop and penetration versus mass deposited for Bekaerr Bekipor@ WB 1.5/ 150 and 
WE 8/300 stainless steel media loading with 2 J.U1l DES particles at 0.10 m.s-J face velocity. Initial loading 
region only showlI . 
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Figure 4.32 is a further illustration that fmer fibre diameters are more efficient collectors 
at a constant face velocity, packing density and challenge particle diameter as found in 
solid-particle loading. The higher pressure drop for the 1.5 J.Un media can be attributed to 
the larger quantity of fibres per unit volume of filter forming a fmer more dense pore 
structure than in the 8 J.Un media. As previously observed, the rate of increase in pressure 
drop is much less than that found in solid-particle loading owing to 'virtually no alteration 
in the filter pore size resulting from redistribution and coalescence of collected liquid. 
WB Sample "< dpon M .. t.p, .• p .. 11. MOo" Mer ~er PCP 
Media No. (%) 0Un) (g) (pa) (%) ('10) (g) (g m") (pa) (%) 
1.5/150 1 22.0 0.4748 36.9 8.7 14.84 0.8985 422.5 71.9 0.0 
2 0.6 22.0 0.6862 32.0 10.8 13.59 1.0982 427.5 54.0 0.0 
8/300 . 1 117.3 0.9053 5.5 63.5 0.71 0.9563 Not clogged 
Table 4.14: Summary of loading characteristics for Bekoert Bekipor@ WB media loading with 2pm DES 
particles at 0.10 and 0.12 m sI face velocity. 
4.2.3.2 Effect of face velocity on loading response 
The effect of face velocity on filter performance was studied for two types of Bekaert 
wettable stainless steel fibrous media using high concentratio~ of2 ~ DES particles as 
the challenge aerosol. These responses are described for each media in the following sub-
sections. 
4.2.3.2.1 Bekipor® WB 1.5/150 
Figure 4.28 shows pressure drop versus mass deposited and penetration versus mass 
deposited for DES particle loading onto Bekipor® WB 1.5/150 fibrous media samples I 
and 2 listed in Table 4.13 and 4.14. The dotted lines shown on Figure 4.28 represent the 
probable location of (P) for each data set as LSP derived penetration data was below the 
, 
zero error threshold (set at 0.37% arithmetic standard deviation). 
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Figure 4.28: Pressure drop alld penetration versus mass deposited for Bekaerr Bekipo/~ WB 1.5/ 150 
stainless steel media loading with 2 Jlltl DES particles al face velocities 0[0.10 and 0.12 m s-', Label (P) 
denOles the equivalent clogging poinl. 
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We can deduce from Figure 4.28 that larger face velocities result in faster clogging. In 
addition, the rate of increase in pressure drop and decrease in penetration is much greater 
with increasing liquid particle loading for higher face velocities. The higher rate of 
increase of pressure drop for 0.12 m S·1 produces a noticeable 'hump' in the pressure drop 
versus mass deposited curve shown in Figure 4.28(a). In addition, points (1), (2) and (P) 
shift to the right with decreasing face velocity. 
This behaviour can be explained by differences in gas flow through the media and how it 
affects the degree of collected particle coalescence within the bed. Since forces exerted by 
the gas flow through the media are less for lower face velocities, it follows that collected . 
. liquid is able to relocate and coalesce more readily within the filter, possibly producing 
liquid films on the fibres in the process. This would result in a greater liquid holding 
capacity as a larger proportion of the filter media is being used for particle collection. At 
higher gas flows, the collected liquid flows less easily, due to exertion of higher inertial 
forces by the gas flow through the media. Mostly single particle or dropwise collection on 
fibre surfaces occurs at first, gradually leading to particle-particle collection as more 
liquid is collected. It is probable that a critical collected liquid mass is required before 
liquid bridge formation begins from coalescence and relocation. For higher face 
velocities, liquid particles are passed through the media at a higher rate, so the critical 
mass is reached more quickly and greater numbers of efficiency-enhancing liquid bridges 
are available for particle collection, producing a fall in penetration. In addition, pools of 
collected liquid span the fibres and increasingly clog filter pores to result in a sharper rise 
in pressure drop. Most particle collection occurs in the upper portion (nearest to the face 
edge) of the bed for this media, due to its high efficiency fme pore structure. 
4.2.3.2.2 Beklpor® ST 10AL3 
Figure 4.29 shows pressure drop versus mass deposited and penetration versus mass 
deposited curves for 2 f.Ull DES particle loading onto Bekipor® ST IOAL3 multi-layered 
fibrous media at 0.03, 0.12 and 0.22 m s·1 face velocity. Data shown in Figure 4.29 has 
been plotted up to the regions (d) andlor (e) only for clarity (ref. Section 4.2.1.2). Table 
4.15 lists loading parameters for the three ST 10AL3 filters illustrated in Figure 4.29. 
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Figu re 4.29: Pressure drop and pene fration versus mass deposited for Bekaert Bekipor@ ST IOAL3 
stainless steel media loading with 211111 DES particles at/ace velocities 0/0.03, O. J 2 and 0.22 m s"'. Labels 
(P l)o.OJm/$> (PI) O.l1mll> and (PI) O.Umls denote the initial clogging poim at each respective/ace velocity. Data 
plol/ed to region (d)/(e) only. 
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The responses shown in Figure 4.29 indicate a more complex process than observed in the 
mono-layer media. The effect of face velocity still produces a steeper pressure drop 
increase, shown by each 'hump' in Figure 4.29. This 'hump' appears to shift towards the 
right and is more defmed as face velocity is increased. A similar trend in the initial 
clogging point (P I) also occurs and the approach to the minimum penetration value falls 
off more steeply with lower face velocities. It is possible that particles are being collected 
more evenly through the filter depth at lower face velocities, and so that the effective 
collection efficiency is greater at equivalent mass deposits than for higher face velocities. 
In addition, a critical face velocity is apparent, as indicated by the noticeable 'flattening' 
of the penetration curves for face velocities greater than 0.03 m S·I. This would indicate 
that more deposition occurs at the front edge of the filter resulting in larger liquid pools 
and fibre coating films being formed. Thus, a greater amount of filmwise than dropwise 
collection is occurring above the critical face velocity. 
4.2.3.3 Effect of challenge particle size on loading response 
Bekipor® ST IOAL3 fibrous filters were loaded with 0.80 and 2.07 !lII1 DES particles at 
0.14 m S·I face velocity. Loading responses (up to region (d» for pressure drop and 
penetration responses against mass deposited may be seen in Figure 4.30. Table 4.15 lists 
loading parameters for each of the ST 10AL3 filters illustrated. The pressure drop 
increase with mass loading for larger particles, shown in Figure 4.30, indicates a steeper 
response to that of smaller particles. This is in contrast to a solid-particle loading response 
where smaller particles produce a steeper pressure drop response. It is likely that larger 
liquid particles clog greater numbers of pores as they occupy a greater volume in space 
and probably have a higher wetting capacity than smaller ones. Figure 4.30 shows a shift 
to the left of the initial clogging point (PI) for smaller loading particle diameters. This 
trend is consistent with solid-particle loading behaviour and would indicate a higher 
probability of dropwise collection occurring for smaller diameters. 
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(P1)calc shown in Figure 4.30 is the calculated equivalent for (PI) of the 2 J.Im challenge 
aerosol particle diameter test. It was detennined by combining loading data at equivalent 
time increments for samples 30 and 32, and calculating the weighted average (PI) value 
between the two tests. It is shown only to indicate the shift in the location of (PI) for 
different loading diameters. It is possible that a critical loading particle diameter exists, 
below which dropwise collection is favoured (as found for lower face velocity loading). 
4.2.3.4 Effect of packing density on loading response 
2 J.Im DES particles at high concentrations were loaded onto Bekipor® WB 8/300 and ST 
IOAL3 fibrous filters at 0.1 0 m S·I face velocity. Figure 4.31 shows the pressure drop and 
penetration responses with increasing mass load on these filters tt. Only the early stages of 
loading are shown in Figure 4.31 tt. Loading parameters for each filter illustrated are listed 
in Tables 4.14 and 4.15. The responses shown in Figure 4.31 indicate that higher packing 
density filters clog more quickly than lower packing density media, a behaviour analogous 
to that found in solid particle loading. This is due to the fact that the average pore size for 
the higher packing density filter is considerably smaller than in the lower packing density 
media, so that resistance to gas flow through the media is greater, and collected liquid is 
more likely to clog these pores . 
. 
Sample a, ;:,,;j M~. ~~i p~. 11. M ...... Mep ~~ Per No. (%) (g) (%) (oi~) (g) (~m':'l (%) 
32 26.3 layer 1: 3.3679 38.0 10.3 46.30 3.6367 82.1 (PI) 64.0 (PI) 1.6 (PI) 
14.4 297.7 (Pi) 83.0 (P2) 0.0 iP2) 
42 26.5 3.5590 134.0 7.3 25.65 3.9546 78.9 (PI) 272.0 (PI) 3.9 (PI) 
layer 2: 443.4 (Pi) 537.0 (P2) 0.7 iP2) 
30 26.2 6.2 3.5865 249.6 6.2 59.43 4.0581 46.0 (PI) 429.6 (PI) 3.9 (PI) 
482.7 (Pi) 829.6 P2 0.0 1>2 
33 26.2 mesh: 3.4064 165.0 29.2 25.65 3.4598 28.2 PI 199.0 PI 5.5 PI 
30&32 26.3 400 3.4772 162.2 9.3 49.66 3.8341 67.3 PI 380.4 PI 7.3 PI 
29 &31 26.4 3.5362 1\3.4 6.2 57.59 3.6779 78.6 fPll 200.4 fPll 3.8 PI 
Table 4.15: Summary of loading characteristicsfor Bekaert Bekipor@ST JOAL3 media loading with 2pm 
DES particles at variousface velocities. 
tt as most particle collection occurs in the upper layer of Bekipor" ST 10AL3 during the early stages of 
loading for this face velocity, it seemed reasonable to compare its performance with the mono-layer media. 
I! The mono-layered media was not loaded to the equilbrium condition, so only the earlier stages ofloading 
are shown here. 
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Figure 4.31 : Pressure drop and Penetration versus mass deposited/or Bekaert Bekipor@ WB 8/300 and ST 
fOAL3 stainless steel media loading with 2 /-Un DES particles at 0. 10 111.5-1 face velocity. Data ploued/or 
initia/loading region only. 
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4.2.4 Comments on the liquid loading test results and the LSP technique used in this 
study 
Generally, many commercial air filters are used primarily as coalescers, operating past the 
clogging point of the filter with a facility to remove drained liquid. The challenge aerosol 
will normally be polydisperse in nature and the penetrating particles are likely to be 
distributed about a mean coalesced size. The effect of coalesced particles on measured 
penetration may not be a problem in a monodisperse particle loading system (as used in 
these studies) if the coalesced size is approximately the same as the challenge particle 
size, however it still should be considered. In addition, the drainage products need to be 
accounted for. This raises the question of how they are treated: as captured liquid or as 
penetrating particles? However, we can assume that, for the purposes of general 
evaluation of liquid loading behaviour, the responses reported previously for media are 
indicative of the overall trends observed in liquid particle loading (in the absence of 
further information on the downstream aerosol composition). In the current study, 
drainage products have been treated as captured liquid with the assumption that no re-
entrainment occurs. 
If we are to assess liquid loading behaviour correctly, the validity of the LSP technique 
used in these studies for measuring filter penetration in liquid aerosol loading is 
questionable, since we cannot guarantee that the aerosol leaving the filter is the same size 
as that entering. This possible effect will only be important in the later stages of these 
loading tests. To assess this problem the size distribution of the downstream particles was 
measured, at the end of region (b), using the Aerosizer. The fmest of the low packing 
density media (WB 1.5/150) and the multilayered media (ST 10AL3) were tested. In the 
former, the bulk of the aerosol was unchanged, but some fmer droplets were present. In 
the more densely packed multi-layered medium, with a fmer pore size, the downstream 
droplets were significantly fmer than those upstream. Thus the use of the LSP technique 
, 
for liquid loading tests is not valid in the high loading region and should be used for 
qualitative comparisons only. The error incurred with the mono-layer media up to the end 
of region (b) is only slight. That for the multi-layered medium is more serious and renders 
the use of the method to collect quantitative data invalid. However, the data presented 
here are still of use in displaying the various regions of loading. Generally, insufficient 
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sizing data was obtained during the loading runs reported here and previously, so we 
cannot completely verify that the re-entrainment phenomenon is occurring throughout the 
loading regime. It was never intended to study the full coalescence region. 
Some explanations of the observed loading trends in this study have been proposed in 
Sections 4.2.2 to 4.2.3. However plausible these explanations may be, it must be pointed 
out that alternative explanations are possible (e.g.liquid films could be forming on the 
downstream face of the filter and re-entraiment of particles may be a product of this film). 
Clearly, more detailed investigations into liquid particle loading mechanisms are 
necessary. In addition, a different experimental technique than used here might be more 
appropriate (e.g. measurement of the aerosol distribution throughout the depth of the 
filter). Such investigations should be able to generate more accurate data for the purposes 
of developing a model to predict liquid loading behaviour. 
197 
--- ---------------------
Chapter 5: Theory and modelling of filter loading behaviour 
5. Theory and modelling of filter loading behaviour 
Chapter 2 described a number of theoretical methods for predicting the filter performance 
for clean and loaded filters. It is evident from Chapter 2 that the prediction of filter 
performance in terms of penetration and pressure drop for clean filters is reasonably well 
developed. In contrast, theories predicting such behaviour for filter loading are still in 
their infancy. 
The first section of this chapter describes a comparison of predicted and experimental 
values of the single fibre efficiency and pressure drop of clean filters selected for the 
loading tests. This comparison was important in identifYing which clean filter theory had 
best agreement with experimental data. This clean filter theory was then incorporated into 
the loading model of the present study (described in Section 5.2). 
5.1 Prediction of clean filter behaviour 
A model was set up using the clean filter theories described in Chapter 2 to assess and 
compare predicted values for the clean filter grade penetration and pressure drop with 
experimental data described previously. Table 5.1 lists a summary of the calculation 
methods used in these predictions. Please note that in the calculation of the filter 
penetration using the single fibre efficiency predicted by the traditional method, a 
configuration factor of 1.6 has been applied to the denominator of the exponential term 
given in Equation (2.20). This configuration factor is already accounted for in the other 
methods used. 
Figures 5.1 to 5.2 show the results of the theoretical penetration calculations compared 
with experimental values for Bekaert Bekipor® WB media at 1.9% packing density and 
0.10 m S·l face velocity (re£. fibre diameter variation loading experiments in Chapter 4). 
Other simulation data obtained for the fibre diameter variation loading tests are given in 
the Appendix for reference. Simulation data for two other filter samples are also included 
in the Appendix. Experimental grade penetration data from Chapter 3 is also shown in all 
of these figures for comparison. Further predictions were made for clean filter 
experimental grade efficiencies for other filter sample experimental data gathered during 
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the current study. These data are not shown here, however it can be assured that the data 
shown in Figures 5.1 to 5.2 are representative of the trends observed. 
Parameter Method Equation reference 
Pressure I) Davies Equation (2.69) 
drop 2) Happel Equation (2.70) - uses 1;.. (ref. Equation (2.12» 
3) Kuwabara Equation (2.71) - when de S 2 IJlfI, ~ (ref. 
Equation (2.18» is used instead of /;Jc (ref. 
Equation (2.13» 
Penetration using single fibre efficiency, l1sh Equation (2.20) 
calculated from the following 
methods ... 
I) Traditional Equation (2.39) 
'lDfrom: Equation (2.28) 
'lDRfrom: Equation (2.36) 
'lRfrom: Equation (2.32) - for df S 2 IUD 
Equation (2.31) - for de > 2 IUD 
'lIRfrom: Equation (2.37) 
. 111 from: Equation (2.34) 
2) Fan model I Equations (2.40) to (2.49) 
3) Liu & Rubow I Equations (2.50) to (2.57) 
4) Payet/Gougeon modified Liu & Equations (2.58) to (2.64) 
Rubow .. 
Table 5.1: Summary of clean filter theories used in the prediction of clean filter pressure drop & grade 
penetration for comparison with experimental data of the current study. 
On comparison with experimental data given m Figures 5.1 and 5.2, and the 
supplementary data given in the Appendix, the following general conclusions can be 
drawn: 
o The traditional method over-predicts the clean filter penetration for smaller fibre 
diameter filters. In addition, over-prediction generally occurs at particle sizes greater 
than 0.5 /ll1l; the only notable exception is for Melty fibres at lower packing densities 
(say < 5%), where a reasonable agreement with experimental data is observed (refer 
to Melty data shown in the Appendix). 
o . The fan model tends to over-predict the clean filter penetration for smaller particle 
sizes and under-predict for larger particle sizes for larger fibre diameter filters and 
filters of 8/ll1l or less at low packing density (0.6%). For smaller fibre diameter filters 
(8/ll1l or less), the model generally over-predicts the filter penetration. It is clear that 
there is no definable overall trend for the batch of data shown, however the Fan model 
generally has better agreement with experimental data than the traditional method. 
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o Both Liu & Rubow methods (i.e. Liu & Rubow and modified Liu & Rubow) generate 
fairly reasonable predictions for clean filter penetrations, despite the fact that 
predictions are generally conservative. The only exception for smaller fibre diameter 
filters, particularly for the 1.5 J.Un media, where the model tends to over-predict the 
filter penetration at particle sizes lower than 0.1 J.Un and greater than 0.5 J.Un (refer to 
data shown in the Appendix). A slight improvement is observed in the modified Liu 
& Rubow predictions. The modified Liu & Rubow model generally improves the 
predicted penetration for particle sizes lower than 0.1 J.Un and greater than 0.5 J.Un, 
however the effect is minimal for the filters assessed here. 
Since the Liu & Rubow model generally gives the best agreement with experimental data 
for all filters tested in the present study, it will be incorporated into the loading model 
described in the next section. 
Table 5.2 summarises predicted and experimental pressure drop 'aAp' values for each of 
the filters assessed above and those given in Chapter 3. Inhomogeneity factors, calculated 
from Equation (2.72), for each of the theoretical methods used are also listed here. 
Generally, any of these pressure drop calculation methods can be adopted in the loading 
model, since they give reasonable agreement with experimental data. However, it must be 
noted that limitations exist in the use of these models for higher packing density (r:tr > 
15%) or low fibre diameter (dr < 2 J.Un) media. The Davies model has been incorporated 
into the loading model described in the next section. 
201 
Chapter 5: Theory and modelling oJ filter loading behaviour 
Media ar(%) at\p (pa • m-I) 
Experimental Davies Happel Kuwabara 
WB 15/150 0_6 318.7 784.6 1207.5 1317.7 
E (-) 1.;-",·)·'>; 'i'i,:,·t ,.' 2.5 3.8 4.1 
0.6 293.3 441.3 679.2 747.8 
.. WB2IISO E (-) I·.··,,'i.>< ,y< <'.i' 15 2.3 2.5 
. 
'Cl 1.9 605.2 778.4 931.7 1056.9 e E (-) I:,;/,,;,i" , .,;,.' .. 1.3 1.5 1.7 ~ Y,""'" ""~ 
0 0.6 107.3 110.3 169.8 193.0 ]' 
WB4/1S0 E(-) i:',;),·,;, ... '·;f·':::. 1.0 1.6 1.8 
" CQ 1.9 189.0 194.6 232.9 276.2 1:: 
E (-) ',::.:> ',:" ,/:."; " 1.0 1.2 15 J:! 
" 
0.6 57.4 . 55.2 84.9 96.5 CQ 
E (-) . ':.;,',' ' '>'.,ii 1.0 1.5 1.7 WB 8/300 / ,- -"'~.' 
1.9 123.8 97.3 116.5 138.1 
E (-) :-",' .. :',«, ,0 y" " , """';, 0.8 0.9 1.1 
0.6 23.1 24.5 37.7 42.9 
WB 12/300 
E(-) ',". .. .~ .. "," "", ::. 1.1 1.6 1.9 
1.9 43.4 43.2 51.8 61.4 
E (-) ,':,,:.,'" .,,':; ,"': 'h. 1.0 1.2 1.4 
1.2 12.9 10.1 13.4 15,6 
E (-) :tL<;:i':'::-. .:, '.',,;.: 0.8 1.0 1.2 
Melty 1.9 18.3 13.3 16,0 18.9 
E (-) .. ,',." ,.' .. ,: . .,;". 0.7 0.9 1.0 
9.3 33.9 87.7 36.5 48.1 
E(-) :"f . ;.'!, ,- I::: 2.6 l.l 1.4 
Table 5.2: Summary oJ experimental and predicted pressure dropsJor the filters assessed in Chapter 3. 
5.2 Development of the loading model 
It is clear from the loading theories described in Chapter 2 that the ultimate objective of 
many workers in the field of filter loading is to find a function that describes the effect of 
local particle load on both the local efficiency and pressure drop. To date, two functions 
have been proposed and studied for fibrous filtration. The first describes a simple linear 
function and is only valid for the initial stages of loading. The second function proposed 
by Podg6rski [1999], covers the full range ofloading and is a convenient curve fit. In both 
instances, the function may be tied to a mass balance and integrated over the filter depth 
to produce analytical expressions for the overall behaviour. 
202 
Chapter 5: Theory and modelling offtlter loading behaviour 
Both of the methods described above use empirical expressions that lead to solutions for 
the loading characteristic shown in Figure 5.3. However, neither method can be used to 
predict the filter efficiency during loading for aerosol particles other than those being 
loaded. Suppose a filter is being loaded with monodisperse particles, the object should be 
to determine the grade efficiency of other particles during loading. The objective of the 
current work is to develop such a model and this is described in Section 5.2.1. Some of 
the experimental results shown in Chapter 4 will be used to validate this model, the 
results of which are shown in Section 5.2.2. 
5.2.1 Fraction of gas filtered by loaded solid particles 
If we consider an ideal representative cell in a filter, a fraction of gas passing through it 
will be filtered by particles already collected on the fibre surface, as illustrated in Figure 
5.3 (a). The filtration of this "effective gas fraction" by the dendrites leads to the 
enhancement of the collection efficiency. 
For zero particle load, the effective gas fraction, fg, will also be zero and the filter behaves 
as it would in its virgin state; i.e. depth filtration occurs. In contrast, once the filter 
becomes clogged and a cake develops on the front edge of the media (by surface 
filtration), all gas flows through that cake. A smooth transition must therefore occur 
between depth and surface filtration. The way in which the effective gas fraction varies 
with local particle load is obviously important because this describes the process up to the 
point at which the cake is fonned (Figure 5.3(b». This function may be integrated 
numerically and need not be limited to a fonn that leads to an analytical solution after 
incorporation into a mass balance and subsequent integration across the filter depth. 
In summary, the procedures to be incorporated into the model are as follows: 
1. Numerical integration method - this forms the base of the calculation procedure and 
takes the fonn of a set of looped equations. All other calculations are linked into these 
expressions. 
2. Other calculations - procedures to calculate the clean filter single fibre efficiency, 
efficiency of the particle bed, fraction of gas filtered function, and pressure drop. 
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Figure 5.3: Representation of (a) an idealised cell in a filter loaded with particles showing the e./Jective gas 
fraction (f,) flowing through it, and (b) the variation off, with relative volume of dendrites. 
5.2.1.1 Numerical integration method 
This method assumes that the filter is composed of a series of thin layers in which the 
variation of the local volume fraction of loaded particles is minimal, i.e. the layer may be 
considered to be uniform throughout its depth. We also assume that the weight of 
incoming aerosol particles is added in discrete equal increments, Wt. "i" may then be used 
to represent each layer increment, and each weight increment may be represented by 'T'. 
The increments "i" and ')" can be used to produce a matrix representing changes in filter 
depth and mass challenge or time·. The system can then be solved within a loop structure 
using the equations below for each layer: 
c· . = c·_llexp'- A, .. ID-he D 1.1 I.J ~ t I,t- (5.1) 
m·· =(c·I·-c··)uo~+m .. I I,j \1 I-.J 1.1 ab I,J-
. , 
(5.2) 
(5.3) 
• Since the mass challenge, M""" is given by M..,.. = C"",Uot, where C,""" is the concentration of particles 
in the feed (kg rn·'). Uo is the face velocity (m s"), and t the filter life (s), it follows that if the concentration 
and face velocity are constant then Mr~'" is proportional to time. 
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where c is the concentration of incoming aerosol, A is the "space efficiency", Llh f is the 
layer thickness, m is mass loaded, Uo is the filter face velocity, .o.t is the time increment 
passed, and fg the effective gas fraction. 
Equation (5.1) calculates the penetration through the layer possessing "space efficiency", 
Ai.i - I , which is related to the single fibre efficiency. Equation (5.2) produces the 
accumulated mass in that layer after j increments of particles have been added to the filter. 
Finally, Equation (5.3) generates the "space efficiency" for the next loop and is a function 
of the volume of particle deposit present in the current layer. 
Once the filter has been 'loaded' a cake will form on the surface. This is simulated as a 
granular bed whose depth is proportional to the volume deposited and is calculated from 
the mass balance. This acts as a primary filter to the fibrous bed and simply reduces the 
feed to the same, by the fractional cake penetration. 
5.2.1.2 Single fibre efficiency calculation 
The clean filter single fibre efficiency, fish was determined using the Liu & Rubow model 
(rer. Section 2.2.3.2.6.2); selected due to its reasonably good agreement with experimental 
clean filter penetration data as illustrated in Section 5.1 for the filters assessed during the 
current study. The value of Ai.O for the clean filter can then be evaluated from: 
(5.4) 
Please note that the Liu & Rubow model already has a configuration factor of 1.6 built 
into it, so this need not be applied to Equation (5.4). 
5.2.1.3 Efficiency of the pariicle bed 
The efficiency of the particle bed, flsi,b, can be found from the expressions described 
previously for granular beds in Section 2.2.4. It is assumed that the particle ( or dendritic) 
bed is associated with the single fibre as illustrated in Figure 5.4 (ref. Kanaoka [1986J)t. 
t To model dendrites contained within a layer increment. 
205 
Chapter 5: Theory and modelling of filter loading behaviour 
This illustrates particle capture in the interceptional regime, which is the primary 
collection mechanism occurring in the present study. 
As can be seen in Figure 5.4, dendrites spread out from the sides of the fibre and the 
particle bed formed will act as a more effective filter than the virgin media. However, the 
system in this form is difficult to model, so a simplified picture has been adopted; 
illustrated in Figure 5.5. 
Increasing R 
Figure 5.4: Diagram showing how the particle bed and dendrites are built up on the fibre surface 
(Kanao,", (J986]); representing pure intereeptional capture on the fibre surface (R is the intereeptional 
parameter given by Equation (2.29)). 
The cell diameter, do, is determined from the relationship: 
d=~ era; (5.5) 
If we assume that the face velocity through the bed is the same as the filter face velocity, 
the effective width, lb, of the particle bed (shown in Figure 5.5) is then: 
(5.6) 
If we also assume that all of the gas passing through is completely cleaned, then the 
effective addition to the single fibre efficiency (!3sfe) would be represented by: 
f.d, 
Il.'e =T 
f 
(5.7) 
Since the bed in a real filter system is not 100% efficient, the equivalent single fibre 
efficiency due to removal in the bed, Tlbed.equiv is: 
f,d, f. 
TI"",.equiv = -d-Tlbed = ~ Tlbed 
f "a, 
(5.8) 
where 11bed is the overall efficiency of the granular bed, determined from Equation (2.73). 
206 
Chapter 5: Theory and modelling of filter loading behaviour 
Figure 5.5: Simplified picture of afihre loaded with a particle bed 
(2.73) 
The single grain efficiency, 1']si.b, in Equation (2.73) can be easily calculated using the 
models described in Section 2.2.4.1, however in order to do this, Ub and hb must be found 
first. A method to fmd these properties is described in the next sub-section. 
Obviously, the face velocity through the bed is not the same as the filter face velocity in a 
real system, however, fg is denoted at the "effective" gas fraction passing through the bed, 
so lb will only be an effective width. 
In order to assure a smooth transition from depth to surface filtration, the effective single 
fibre efficiency due to the fibre plus dendrite bed, 1']si,tot, is expressed by, 
Tlsi,tot = (1- fg ).,Si + 'I1bed,Cquiv (5.9) 
and replaces 1']si in Equation (5.4) in the iteration sequence. 
5.2.1.3.1 Determination of <Xt. and h b 
The fractional volume of collected particles in a layer of the filter, Up, can be determined 
by iteration of Equation (5.2). The fractional volume of the layer occupied by the granular 
bed can then be obtained from the ratio of a.p!Ub. Referring back to Figure 5.5 we get: 
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also: 
cross - sectional area of bed = Ibhb f' 
cross - sectional area of fibre ~d 2 
4 r 
cross - sectional area of bed 
cross - sectional area of fibre 
where f'is the fraction of the bed which is 'effective'. 
Thus, on combining Equations (5.5), (5.6) and (5.10): 
a.mIr 
abhb = ~ 
4f, " a r 
(5.10a) 
(5.1 Ob) 
(5.11) 
However, we still need a value for Ilb in order to determine hb and subsequently calculate 
the single grain efficiency, f),i,b. Past studies by other workers (e.g. Japuntich [1991], 
Kanaoka et al [1980, 1983]) have directly measured or back-calculated the packing 
density of the surface cake in fibrous filtration to be in the range 0.07 to 0.13, depending 
on the nature of the particles and conditions of capture. It can be reasonably assumed that 
the packing density of the dendritic structures are of similar magnitude to this, so an 
average value of 0.1 has been chosen as a sound estimate. The precise value chosen for <Xb 
is not crucial since it has a very small effect on the target efficiency. In a similar way, the 
effect on (1- ab) will be slight. 
5.2.1.4 Function describing the fraction of gas filtered 
The fraction of gas effectively filtered by the particle dendriteslbed remains to be 
determined, and can be represented by a function of the fractional layer space occupied by 
collected particles (ap/<Xb). 
During the initial stages of loading, it has been claimed that this is a simple linear 
function of particle load and, in the majority of cases, the single fibre efficiency. 
Radushkevich & Velicho [1962], Yoshioka et al [1969], Kanaoka et al [1984], Brown and 
Wake [1999], and Podg6rski [1999] all used this simple linear relationship in some form 
and experimental evidence given appears to concur with this. In spite of this, other 
experimental data, particularly that of Japuntich [1991], suggests that this linear function 
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is a convenient special case that may have a fairly short lifetime. Most experimental data 
indicate an increase in efficiency, which has a faster rate than given by the simple linear 
response early in the loading characteristic. For example, this trend has been exhibited by 
the lower filter pore diameter loading data of Graef [1995] and in the current work. 
From the point where dendrite bridging starts to occur, the layer efficiency will increase at 
a faster rate than given by the linear response, and this point represents the start of the 
clogging process. This fast rate of increase will continue until the residual space available 
for undisturbed gas flow through the layer becomes virtually blocked by particles. A cake 
will then begin to develop on the filter surface. 
In accordance with earlier work, the present study proposes that the value of fg should 
increase at a constant rate in the initial stages of loading, after which the rate of increase 
in fg should be proportional to the load; as illustrated in Figure 5.6. 
The two stages (a) and (b) shown in Figure 5.6, are thus determined using: 
(a) constant rate period -for (0 < a;. < a;..v 
and 
df 
-g- = constant = kl 
dap 
(b) rising rate period -for (a;..I < a;. < a;..J 
df 
-g-=k a. da 2 p 
P 
and f -f =5.(0. 2 -a. 2) g,c g,l 2 ~ p,c ptl 
From Equation (5.13b), we can deduce that: 
2(f •.• -f •. I ) 
k2 = ~ 2 2) 
ap,c -ap,l 
and f (fg •• - f g•1 ) (2 2) f g,stagd = ( 2 2 ) \CX p - ap,l + g,stage) 
~P.c -Up,l 
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Figure 5.6: Rate of increase in!. (left) and ( ~~ ) (right) with fractional volume of particles in thefilter, 
ap. during loading, showing (a) constant rate period, and (b) rising rate period. 
At the fmal "clogging" point, where fg = fg,e, the overall behaviour of the filter more 
closely resembles that of a packed granular bed (i.e. the surface cake) and the fg function 
becomes constant. If the filter was entirely clogged, we would expect that fg,e = 1, 
however, in a real filter system, a near clogging state is achieved, because the rate of 
increase in pressure drop and fall in penetration observed in experimental studies for the 
post-clogging loading regime is not vertical in nature as would be expected for ''true'' 
clogging (see loading graphs in Chapter 4). This near clogging state occurs when the 
system behaviour closely resembles that of granular bed or surface cake filtration and the 
value of fg,t is more likely to be of the order of 0.9, as indicated by the dotted line in 
Figure 5.3(b). 
5.2.1.5 Pressure drop 
So far, the method of predicting the filter penetration with particle load within the model 
has been discussed. In order to predict the variation in pressure drop with loading, we 
must firstly calculate the clean filter pressure drop and then apply the effective gas 
fraction method to account for the pressure drop increase due to collected particles. Each 
pressure drop term can then be applied in a similar way to the local filter penetration for 
each layer using: 
~p = (l-f.~Pf +~Pb (5.16) 
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where APr is the clean filter pressure drop, and APb the pressure drop due to the 
dendrites/particle bed. APb already includes the fg tenn as will be shown later in this 
secti~n. This calculation must be carried out for each layer in the filter and the layer 
pressure drop summed over the total depth to obtain the filter pressure drop at each stage 
in the loading. 
The clean filter pressure drop may be calculated using Equations (2.70) or (2.71), with an 
inhomogeneity factor (ref. Equation (2.72)) applied to match the predicted pressure drop 
with the real filter pressure drop. For the granular bedldendrites, the pressure drop may be 
calculated using either the Kozeny-Carman or Happel relations, as described previously in 
Chapter 2. The Kozeny-Carman equation can be used at low Reynolds numbers across a 
wide range of <Xi> values. However, for loosely packed beds, this relation becomes out of 
its applicable range, so the Happel model is recommended for application to low <Xi> 
systems: 
VPb 3 + 2aJ{ 18ab 
!laUo = ~-4.5aJ{ +4.5ab% -3ab2 r~ (5.17) 
where VPb is the pressure gradient, i.e. VPb = ( A""d,.)' where h.ep isthe "effective" 
V d 2 
depth of deposit in the layer. Figure 5.7 shows a comparison of the values for Pb. 
!laUo 
using the Kozeny-Carman and Happel methods. It is clear from Figure 5.7 that the Happel 
model is more appropriate for the low <Xi> value expected in the dendritic structures. If we 
assume that the deposit covers the area of the filter in a unifonn bed, then the effective 
depth of deposit in a layer, ~ep, will be: 
a.Ahr , hdop = f 
ab 
f 
Since the effective fraction of bed used, f, is _a_, Equation (5.18) simplifies to: 
a. 
So, the pressure drop due to the dendrites is then given by: 
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Figure 5.7: vallles calculated ./i·olll the Kozelly-Carll/a1/ al/d J-/appel 
methods. 
5.2.2 Loa(lillg model predictioll s 
The loading model, reported in Section 5,2, I, has been used to predi ct the loading 
behaviour of I ,31lm steari c acid particles on the 1,9% packing density fibrous filt ers used 
in thi s study. This section describes predicted responses for 4 and 81lm Bekaert Bekipor® 
WB and Melty media loading tests whose experimental data are shown in Figures 4,17 
and 4,18, 1,36 Ilm stearic acid parti cles loading onto 1.9% packing density Bekaert 
Bekipor® WB 12/300 media at 0.10 m S·I data are reported later in Chapter 6. Data are 
reported for each sample accord ing to the descriptions below. Appropriate comments are 
included fo r each of the filters simulated by the model. 
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5.2.2.1 Loading model predictions· Bekaert Bekipor@WB 41150 
Experimental and predicted pressure drop and penetration data are plotted for 1.9% 
packing density Bekaert Beldpor® WB 4/150 media loading with 1.34 ll!Il stearic acid 
particles at 0.10 m S·lin Figure 5.8. Corresponding experimental and predicted grade 
penetration data are listed in Table 5.3. The model was initially run using the inertial 
impaction term in the clean filter efficiency subroutine and included the diffusion term in 
the granular bed and filter cake subroutines. It became apparent that the initial filter 
efficiency and subsequent penetration data with loading were overpredicted when the 
inertial impaction term was included in the clean filter efficiency code. In addition, an 
overprediction of grade penetrations at partially loaded and loaded stages of filtration was 
observed for smaller particle sizes. The inertial term was subsequently removed from the 
clean filter efficiency code, and the diffusion term omitted from the granular bed and filter 
cake subroutines and the code re-run. This is because experimental data indicate that 
inertial impaction has little contribution towards the clean filter efficiency, and diffusional 
collection is negligible in the particle-particle collection efficiency. The predictions 
obtained using the omitted terms showed improved results, especially for the penetration 
response with mass load and the clogging point. However, the loaded filter grade 
penetrations predicted by the model were still slightly larger than experimental values for 
bigger particles. This indicates that the granular bed single fibre efficiency for inertial 
impaction used in the model is slightly conservative and needs further development if 
better agreement with experiment is to be obtained. 
5.2.2.2 Loading model predictIons. Bekaert Beklpor@ WB 81300 
Experimental and predicted pressure drop and penetration data for 1.9% packing density 
Bekaert Bekipor® WB 8/300 media loading with 1.32ll!1l stearic acid particles at 0.10 m 
s·1 are plotted in Figure 5.9. Corresponding experimental and predicted grade penetration 
data are listed in Table 5.4. Reasonable agreement with experimental data was obtained 
for all model predictions. Some disagreement between experimental and predicted grade 
penetration data for larger particle sizes has been observed for both the clean and loaded 
filter. Discrepancies occur where the contribution of the single fibre efficiency due to 
inertial impaction for the clean filter has been slightly overestimated, and the role of the 
granular bed single target efficiency due to inertial impaction is to some extent 
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underpredicted. This has resulted in the clogging point occurring at a marginally larger 
mass deposit than experimentally observed. As with the 4 J.lIIl media, these observations 
indicate that the granular bed single fibre efficiency for inertial impaction used in the 
model is slightly conservative and needs further development if better agreement with 
experiment is to be obtained. 
5.2.2.3 Loading model predictions - Melty fibres 
Experimental and predicted pressure drop and penetration data for 1. 9% packing density 
Melty media loading with 1.28 J.lIIl stearic acid particles at 0.10 m S·1 are plotted in Figure 
5.10. Corresponding experimental and predicted grade penetration data are listed in Table 
5.5. We recall that only the clean filter grade penetration data was determined 
experimentally for this media, however, we can show the experimental loading particle 
diameter penetration values corresponding to the theoretical pressure drop values listed in 
Table 5.5. The results show good agreement with experimental data for all model 
predictions. 
In conclusion, the loading model predictions shown in this section and in Chapter 6 
compare well with experimental data, despite certain flaws in the granular bed theory used 
in the code. It is clear that granular bed theory, which incidentally is still in its infancy 
(relative to fibrous filtration theory), requires further attention if better agreement with 
experimental data is to be obtained by the model. 
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0.09 0.11 0.1 8\.6% 49.9% 85.6% 18.6% 85.7% 38.8% 
0.11 0.15 0.13 83.5% 40.0% 88.7% 23.9% 89.0% 4\,2% 
0.15 0.2 0.175 85.2% 27.2% 9\.0% 27.5% 9\.5% 41.1% 
0.2 0.25 0.225 87.0% 17.4% 92.0% 27.9% 92.9% 38.3% 
0.25 0.3 0.275 88.1% 1\.9% 90.8% 2\.8% 93.6% 27.5% 
0.3 0.4 0.35 88.4% 6.8% 87.6% 15.4% 93.1% 19.2% 
0.4 0.5 0.45 88.4% 2.3% .81.5% 8.8% 9\.6% 1\,4% 
0.5 0.65 0.575 85.8% \.0% 71.5% 3.9% 89.1% 5.5% 
0.65 0.8 0.725 82.3% 0.3% 57.6% \,2% 85.4% . 2.0% 
0.8 I 0.9 75.3% 0.1% 49.2% 0.5% 83.1% \.0'10 
I \.25 1.125 68.5% 0.0% 39.0% 0.1% 80.0% 0.3% 
\.25 \.5 \.375 62.8% 0.0% 2\,7% 0.0'10 73.5% 0.0% 
1.5 2 \.75 54.1% 0.0% 6.8% 0.00/0 63.3% 0.0% 
2 2.5 2.25 45.4% 0.0% 1.1% 0.0% 50.3% 0.0% 
2.5 3 2.75 36.8% 0.0% 0.2% 0.0% 38.9% 0.0% 
3 
0.0% 74.4% 0.0% 
14.0 0.0 13.4 
Table 5.3: Summary oJ experimental and predicted grade penetration data values for 1.9% packing density Bekaert Bekipor@ WB 4/150 media loading with 1.34 pm stearic 
acid particles at 0.10 m SI. Data are listed Jor predictions for (a) with the inertial impaction in the clean filter subroutine, and with the diJfosion term used in the granular 
bed and filter cake subroutines, and (b) no inertial impaction in the clean filter subroutine, and no diJfosion term used in the granular bed and filter cake subroutine. 
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presslIre drop versus mass deposited af/d (b) pell etration verSlIS mass deposited. 
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0.09 0.11 0.1 85.9% 69.9% 89.0% 52.3% 
0.11 0.15 0.13 88.2% 66.4% 91.5% 58.1% 
0.15 0.2 0.175 89.9% 57.6% 93.3% 61.8% 
0.2 0.25 0.225 90.4% 45.5% 94.1% 62.1% 
0.25 0.3 0.275 91.1% 33.3% 94.0% 55.7% 
0.3 0.4 0.35 91.6% 21.5% 92.8% 48.0% 
0.4 0.5 0.45 91.1% 14.0% 90.5% 38.0% 
0.5 0.65 0.575 89.2% 8.3% 86.7% 27.5% 
0.65 0.8 0.725 87.1% 4.8% 81.0% 17.6% 
0.8 1 0.9 84.5% 2.5% 77.3% 13.0% 
1 1.25 1.125 80.3% 1.1% 72.1% 8.3% 
1.25 1.5 1.375 75.6% 0.5% 60.5% 2.9% 
1.5 2 1.75 69.0% 0.1% 41.5% 0.3% 
2 2.5 2.25 61.6% 0.0% 19.6% 0.0% 
2.5 3 2.75 54.3% 0.0% 6.8% 0.0% 
3 more 3 
3.7% 
16.6 
Table 5.4: Summary of experimental and predicted grade penetration data values for 1.9% packing density 
Bekaert Bekipor@WB8/300medialoadingwith 1.32 pm stearic acid particles at 0.10 m SI. 
218 
Chapter 5: Th eol), alld model/illg o/JUte,. loading behaviour 
600 
500 
" !?=. 400 
Co 
0 
'" 
'" 300 
'" '" 
" 
'" '" 
'" 200 
'" ... 
100 
o 10 20 30 40 50 60 70 80 90 100 110 120 130 
--+- experimenla l 
1 00~;' r 
~ 10.0'% 
• ~ 
c 
o 
., 
1; 
'" c 
'" Q. 1.0010 
0.1% 
M ass deposited (g m-') 
~modelpred ic l io n ~ ~ 
(a) pressure drop 
o 10 20 30 40 50 60 70 80 90 100 110 120 130 
M ass deposited (g m-') 
• e;qJerill'enlal ~ rnodel prediction 
(b) penetration 
Figure 5.10: Comparisoll of loculillg model predicled data lI'ilh e.\perimellwl vallles .for I.Y% packi"g 
dellsity Melty mec/ia loadillg with 1.28 pIU stearic acid particles at 0.10 m S·l: (a) pressure drop \'erSIIS 
mass deposited alld (b) pell et,.tlfioll versus mass deposired . 
219 
Chapter 5: Theory and modelling of filter loading behaviour 
Media: 
Melty 
0.09 0.11 0.1 95.5% 95.7% 96.2% 94.3% 84.2% 43.5% 
0.11 0.15 0.13 97.4% 97.3% 97.2% 95.5% 87.0% 49.0% 
0.15 0.2 0.175 98.9% 98.5% 97.9"10 96.4% 88.7% 52.4% 
0.2 0.25 0.225 99.6% 99.6% 98.3% 96.7% 88.7% 52.5% 
0.25 0.3 0.275 99.6% 99.8% 98.6% 96.3% 85.0% 46.2% 
0.3 0.4 0.35 99.8% 99.9% 98.6% 95.5% 80.3% 39.0% 
0.4 0.5 0.45 99.3% 99.2% 98.4% 94.1% 73.6% 30.1% 
0.5 0.65 0.575 99.2% 99.0% 98.1% 92.1% 65.4% 21.0% 
0.65 0.8 0.725 99.0% 99.2% 97.5% 89.7% 56.6% ·12.6% 
0.8 I 0.9 98.7% 98.6% 97.2% 88.4% 52.1% 8.8% 
I 1.25 1.125 97.8% 97.2% 96.6% 86.8% 47.1% 5.0% 
1.25 1.5 1.375 95.6% 95.8% 95.5% 84.6% 42.1% 1.1% 
1.5 2 1.75 91.8% 92.0% 93.1% 81.5% 37.0% 0.0% 
2 2.5 2.25 86.8% 86.6% 88.5% 76.7% 31.5% 0.0% 
2.5 3 2.75 81.2% 81.4% 82.1% 70.8% 26.7% 0.0% 
more 3 
305.4 
2.1% 
90.3 
Exoerimental data (c.f. model GP oressure droo values) 
ap (Pa) 1.8 11.0 60.0 305.4 
PLSP ('Y.) 96.4% 88.5% 46.3% 2.2% 
Md .. (g m-') 0.0 8.7 41.3 87.3 
Table 5.5: Summary of experimental and predicted grade penetration data for 1.9% packing density Melty 
media loading with 1.28}.Un stearic acid panicles at 0.10 m s'. 
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6. Discussion 
Before entering into discussion of the work carried out during the present study, I will 
briefly recap on what has been reported so far: 
0. A number of theories describing clean and loaded filter behaviour have been 
described in Chapter 2. Some of these theories were later used in Chapter 5 in the 
theoretical evaluation of clean filter behaviour. The results of the theoretical 
predictions were then compared with corresponding experimental data for the same 
filter media (presented in the latter part of Chapter 3). The comparison provided a 
basis of selection of a suitable theory for integration into the loading model proposed 
during this study (described in the last part of Chapter 5). 
0. A wide range of experimental work has been performed during the course of this 
study, focusing on equipment selection and evaluation/validation of experimental 
techniques (rer. Chapter 3), and finally, a matrix of loading tests on fibrous filter 
media using solid and liquid particle aerosols (ref. Chapter 4). 
This discussion has been broken down into a number of sections, according to the 
parameters or nature of experiment being analysed. The first section focuses on the 
selection and evaluation of performance of the condensation aerosol generator that was 
incorporated onto the filter loading rigs. An extensive section then discusses the 
experimental data presented in Chapters 3 and 4 for clean and loaded filters. The section 
on experimental loading results has been split into two: solid particle loading, and liquid 
particle loading. Various effects on loading behaviour are discussed in these sub-sections. 
In the third section, the· experimental clogging point of tested filters is discussed, and a 
theoretical analysis of the clogging point proposed. The fourth section offers further 
analysis of solid particle loading data gathered during this study, focusing on the initial 
regime for filter penetration, and both the initial and surface (or cake) filtration regimes 
for filter pressure drop. Results of the loading model proposed in this study (ref. Chapter 
5) are then compared with experiment for solid particle loading in Section 6.5. The fmal 
section offers recommendations for future study in the field of fibrous filter loading. 
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6.1 Condensation aerosol generator selection and performance assessment 
Two condensation aerosol generators were assessed and reported in Chapter 3: Liu and 
Whitby Type 11 and the IMAGE. Both instruments were assessed using di-ethyl sebacate 
as the condensate material and their performance had to meet specific requirements of the 
light scattering photometer apparatus (LSP) used for monitoring upstream and 
downstream filter aerosol concentrations· during loading tests. The LSPs require a high 
degree of aerosol monodispersity, concentration and stability facilitate the generation of 
reliable data. The above generators were tested and compared in terms of generated 
aerosol concentration, monodispersity, particle size range, stability and reproducibility. 
Particle sizing data were collected using the Laser Aerosol Spectrometer (Las-X) and 
Aerosizer. 
The Liu and Whitby aerosol generator was capable of producing aerosols of sufficient 
monodispersity and concentration. Geometrical standard deviations typically in the range 
of 1.11 to 1.24 and concentrations in the range 4x109 particles m·3 to 6xl09 particles m·3, 
depending on the DES solution concentration. Geometrical particle sizes generated 
compared well with data reported by Liu and Whitby for di-octyl phalate (DOP) aerosols; 
a condensate material possessing similar properties to DES. Adding anthracene to DES 
solutions to increase the aerosol concentrations generated produces an unacceptable fall in 
monodispersity. However, stability problems were encountered with this aerosol 
generator. 
The experiments performed on the IMAGE showed comparable performance to the Liu 
and Whitby generator, with geometrical standard deviations lying in the range of 1.10 to 
1.22 and particle nwnber concentrations in the range of9 x 109 to 3.6 X 1010 particles m·3• 
In contrast to the Liu and Whitby generator, stability and control of particle sizes 
generated were significantly better, despite the slight inadequacy of the heating system' 
for the bubbler adopted during the IMAGE tests. In addition, the resulting geometrical . 
particle size-bubbler temperature relationship agreed well with theory. The IMAGE was 
subsequently selected for incorporation onto the filtration rig, subject to a new furnace 
• we recall that a heating tape setup was used as an interim measure since the original furnace controller had 
failed. 
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controller being installed, as it satisfied the criteria required by the LSP system. 
Calibration tests subsequently performed using DES and the new furnace controller 
improved the performance of the IMAGE significantly. 
Modifications to the original IMAGE setup were added later during the solid particle 
loading phase of the studies to further improve stability during stearic acid particle 
generation. Slight instabilities were found in nuclei generation by the Wright nebuliser 
and cooling of the condensate material by the bubbler feed stream. Modifications were as 
follows: 
o Replacement of the Wright nebuliser with a constant output atomiser; 
o Addition of a preheating section to the bubbler feed; 
o Addition of a nitrogen stream to dilute nuclei prior to entering the bubbler. This 
stream was also used to dilute polydisperse aerosol concentrations to levels within 
conicidence limits of the Las-X in the grade efficiency tests. 
A marked improvement in the generator's performance was found, with better control and 
stability of the generated particle sizes. In addition, geometrical standard deviations 
consistently fell to the range 1.06 to 1.11 and particle number concentrations in the range 
of 1.10 to 4.15 X 1010 particles m·l • 
6.2 Summary & discussion of experimental results 
A large number of loading and grade penetration tests were performed on fibrous filters 
during these studies as described previously in Chapter 4. In addition, pressure drop 
variations with face velocity and grade penetrations were measured for clean filters and 
these results were described in Chapter 3. Certain trends have already been reported in 
these Chapters. These and other trends observed during the course of these studies will 
now be summarised, with more detailed discussion into the effects observed. 
6.2.1 Clean filter characteristics 
o Penetration - data reproducibility is acceptable with arithmetic standard deviations for 
each data set (for the particle size grades tested) typically lying < 5% (with a 
maximum cr. at 10% and minimum cra's < 1 %). Simulation of clean filter penetrations 
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detailed in the first section of Chapter 5 showed that the Liu & Rubow model gave the 
best overall agreement with experimental data. This model was therefore incorporated 
into the loading model described in the second part of Chapter 5. 
o Pressure drop - clean filter pressure drop versus face velocity data quality is very 
high, as indicated by the linear data fit results tabulated in Table 3.8 (degree of fit or 
chi2 values> 99.5%). 
6.2.2 Solid particle loading 
Data reproducibility has been investigated for both penetration and pressure drop 
responses during loading and can be assured due to acceptable agreement between 
loading tests for each filter type tested. Grade penetration data reproducibility is assured 
by acceptable arithmetic standard deviations for each data set (i.e. lying within the range 
of< 1 to 10%). 
Grade penetration data obtained at various stages during each loading run show a 
consistent trend of a reduction in the maximum penetration particle diameter. This trend 
is consistent with a fall in filter pore diameter as increasing numbers of particles collected 
on the filter produce a fmer pore structure, as reported by Japuntich [1991]. In addition, 
interruption of the loading tests to perform grade efficiency tests does not appear to have 
had any adverse effects on loading responses measured. The aerosol concentrations used 
in the grade efficiency tests were very low compared to the high concentration ofloading 
particles and so few will have deposited on the filter samples during the time span of the 
tests. Thus, their effect on filter loading can be considered to be negligible. 
SEM photographs taken of various partially loaded and loaded filter samples clearly show 
the presence of single particles and dendrites on fibre surfaces at various filter depths. In 
addition, a porous cake on the front edge of the filter is observed. Finally, loaded fibres 
illustrated in Figures 4.28 and 4.29 clearly show dendritic growths at the front edge and 
front-side edges of the fibres indicating that the predominant collection mechanisms were 
interception and inertial impaction for the test conditions studied. 
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In all loading experiments, the shape of pressure drop versus mass deposited and 
penetration versus mass deposited curves consistently follow the general trends illustrated 
in Figures 4.8 and 4.9 respectively. The effect of face velocity, loading particle size, filter 
packing density, and filter fibre diameter on loading behaviour are described in the next 
few sub-sections. 
6.2.2.1 Face velocity effects on solid particle loading 
Clogging occurs more quickly at higher face velocities, as indicated by the steeper rise 
and fall in pressure drop and penetration respectively per unit mass deposit for higher face 
velocities, and is a result of an increase in the single fibre efficiency due to inertial 
impaction. 
The cake formed on the surface of these filters is not only porous due to the 'granular bed' 
structure, but is also full of large 'holes' or pores as the dendritic growths are non-uniform 
in nature. These holes serve to dampen the pressure drop response with particle load, 
which would be much sharper if a uniform porous cake had built up instead. In contrast to 
the Melty media, the face velocity effect is much more dramatic for 1.9% Bekaert 
Bekipor® WB 2/150 fibrous filters owing to its much smaller pore diameter. 
Clearly, the cake structure formed is dependent on face velocity. For lower face velocities, 
the integrity of random channels formed within the cake will be allowed to be maintained. 
For higher face velocities, the cake continues to build up around the channels, resulting in 
a reduced pressure drop response than would be expected. Thus, at lower face velocities, 
the cake structure is more uniform, possessing fewer channels, and its pressure drop is 
higher. The dampening effect for higher face velocities is therefore a result of a more 
porous cake being developed. These effects are reduced in the 2 /llll media, since a more 
uniform cake is developed anyway. 
6.2.2.2 Challenge aerosol size effects on solid particle loading 
Smaller loading aerosol diameters produce much faster clogging, as indicated by steeper 
pressure drop and penetration responses than those of larger loading particle diameters. 
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This is due to a much fmer porous structure formed by the dendritic growths of smaller 
particles on the fibre surfaces and ultimately the filter cake. Larger particles will tend to 
produce a more loosely packed structure, which can lead to large holes developing within 
the surface cake. This 'hole' effect darnpens the pressure drop increase, as previously 
mentioned. 
6.2.2.3 Filter packing density effects on solid particle loading 
Larger packing densities result in faster clogging, as indicated by steeper pressure drop 
and penetration responses. This is due to the filter pore diameter being reduced at higher 
packing densities. The trends illustrated here are consistent with the studies of Graef 
[1995] who investigated this effect is more detail for thin filters. Finally, 'hole' effect is 
more prevalent at lower packing densities and dampens the pressure drop increase, as 
previously mentioned. 
6.2.2.4 Filter fibre diameter effects on solid particle loading 
Smaller fibre diameters result in faster clogging, as indicated by steeper pressure drop and 
penetration responses for smaller fibre diameters. As the pore diameter is a function of the 
fibre diameter (Equation 3.10), it follows that for a constant filter packing density, smaller 
fibre diameters produce a smaller pore diameter. 
In all loading cases described in Sections 6.1.2.1 to 6.1.2.4, the filter cake formed on the 
filter surfaces is probably "full of holes" due to the random nature of dendritic growth and 
their packing. SEM observations illustrated in this thesis have not shown this 
conclusively, although the random packing nature of heavily loaded fibres observed by the 
SEM tend to indicate that this is highly probable (see Figures 2.6 and 4.28). The gradients 
of the pressure drop and penetration curves after the filter becomes clogged are less steep 
than expected in ideal loading, indicating that a non-uniform cake must form on the front 
edge of the filter. This is particularly noticeable for larger fibre diameter and lower 
packing density media. The 'hole' distribution appears to become narrower with a 
reduction in fibre diameter or filter packing density, and thus a fall in the filter pore 
diameter. 
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6.2.3 Liquid particle loading 
Several liquid particle (i.e. coalescence) loading tests have been described and some 
explanations of behaviour discussed in Chapter 4 for two categories of fibrous media. 
These have been denoted as "mono-layered" and "multi-layered" media in this section, 
where "mono-layered" media refers to the 1.5 or 8 IllIl fibre diameter stainless steel 
fibrous webs listed in Table 3.8, and the "multi-layered" media refers to the Bekaert 
Bekipor® STlOAL3 media also listed in Table 3.8. 
Data shown in Chapter 4 has illustrated the general coalescence loading response as well 
as the individual effects of face velocity, challenge aerosol size, and filter packing density 
and filter fibre diameter on loading behaviour respectively. In summary, trends observed 
in Section 4.2 showed that coalescence filtration behaviour is much more complex than in 
solid particle loading; The next few sub-sections will summarise & discuss these trends in 
more detail. 
6.2.3.1 General liquid particle loading response 
The general loading responses described in Section 4.2.2 show that liquid particle loading 
behaviour is much more complex than in solid particle loading. In order to explain this 
behaviour, the loading curves have been segmented into different regions of interest for 
the two types of filter media assessed: 
'" Mono-layered media (Ref. Figure 4.30) - (a) initial loading region, (b) approach to 
equivalent clogging point (P), and ( c) plateau or pseudo steady state region. Two 
minimum penetration points (1) and (2), were observed prior to the filter becoming 
truly clogged. The actual clogging point has been denoted by the label (P). 
'" Multi-layered media (Ref. Figure 4.31) - (a) initial loading region 1, (b) approach to 
initial clogging point (PI), (c) plateau or pseudo steady state region 1, (d) initial 
loading region 2, (e) approach to equivalent clogging point (P2), and (t) plateau or 
pseudo steady state region 2. 
A more detailed discussion of these regions has already been described in Sections 4.2.2.1 
and 4.2.2.2. Generally, the initial loading region (regions (a) and (d» follows early 
particle collection in solid particle loading behaviour where single particle capture (i.e. 
dropwise collection) occurs deep within the filter bed. As loading progresses, particle 
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capture increasingly occurs on liquid bridges, fonned by relocation and coalescence of 
collected liquid, resulting in an enhancement of collection efficiency (regions (b) and (e)). 
In addition, the rate of increase in pressure drop becomes faster, however it is much less 
than observed in solid particle loading. This is due to dampening effects from relocation 
and coalescence of collected liquid, and results in a significantly lower reduction in pore 
size than in an equivalent solid particle loading test. Once clogging has occurred, the 
penetration and pressure drop both rise to and then fluctuate around an equilibrium level 
(regions (c) and (f)). In this region, collected liquid has relocated and coalesced to the 
extent that liquid films coat the fibres. It has been shown in past studies that filmwise 
collection of liquid particles is much less efficient than dropwise collection. This effect 
has been confinned by the observed rise in penetration in early part of this region, where 
liquid films have steadily developed on the fibres. Further loading is possible on reaching 
this pseudo-steady state region, provided that the equilibrium pressure drop is not too 
high for the application. In this region, equilibrium exists between liquid particle 
collection, relocation, coalescence and drainage. Re-entrainment may also occur, however 
this has not been conclusively shown in the present studies. 
In summary, coalescence filtration differs from solid particle loading in many ways: 
o Larger masses of aerosol can be collected before clogging occurs and a pseudo-steady 
state region occurs after clogging; 
o The rate of pressure drop increase is much lower than found in solid particle loading 
due to a lower resistance to gas flow through the media resulting from the effect of 
relocation and coalescence of collected liquid; 
o The penetration response initially follows solid-particle loading trends, however the 
effect of relocation and coalescence of collected liquid results in liquid films 
ultimately being fonned on the fibres after clogging and the penetration rises to and 
fluctuates around a constant level that lies between the clean and minimum 
penetration values. These observations indicate that collection on liquid film coated 
fibres (filmwise collection) is less efficient than single particle collection (dropwise 
collection), as previously reported by Liew & Conder [1985, 1989a, J989b). Filmwise 
collection is, however, slightly more efficient than deposition on clean fibres, 
indicating enhanced collection due to collected liquid. 
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6.2.3.2 Other effects on liquid particle loading 
The effect of face velocity, packing density, fibre diameter and challenge aerosol size on 
coalescence filtration behaviour have been studied and described previously in Chapter 4. 
As in solid particle loading, smaller fibre diameters and higher filter packing densities 
and face velocities result in much steeper responses in pressure drop rise and penetration 
reduction. In contrast to solid particle loading, larger loading particle sizes result in a 
steeper pressure drop response. The penetration response, however, is initially 
comparable to solid particle loading, where the equivalent clogging point occurs at a 
lower mass· load for smaller particles, although the similarity ends once the initial 
clogging point is achieved due coalescence of collected liquid. Each effect is discussed in 
more detail below. 
6.2.3.2.1 Face velocity effects on liquid particle loading 
Cloggingt occurs more quickly due to an increase in the single fibre efficiency due to 
impaction, as observed in solid particle loading. Because more liquid particles are 
initially collected by the increased single fibre efficiency, the occurrence of particle-
particle collection is much greater at earlier mass loads, resulting in immediate liquid 
coalescence to fonn large liquid pools and fibre coating films. These large liquid pools 
clog filter pores to generate an increase in pressure drop and the liquid fIlms fonned serve 
to dampen the penetration reduction when the filter becomes clogged, as indicated in 
Figure 4.34(b). At smaller face velocities, lower inertial forces are exerted on the 
collected liquid, so that liquid relocation and coalescence occurs more easily to form 
liquid bridges and ultimately liquid films. This effect is indicated by the higher maximum 
collection efficiency at clogging and subsequent sharp rise in penetration thereafter in 
Figure 4.34(b). 
6.2.3.2.2 Filter fibre diameter and packing density effects on liquid particle loading 
Clogging occurs more quickly at lower fibre diameters and higher packing densities 
because the filter pore diameter falls with a reduction in filter fibre diameter and packing 
, Clogging here is defined as equivalent clogging since in liquid particle filtration, the filter does not become 
truly clogged, due to liquid coalescence, film formation and drainage. 
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density rise. This reduction in pore diameter will increase the resistance to gas flow 
through the media and collection efficiency. As in solid particle loading, the dust-holding 
capacity of the filter is initially reduced at lower pore diameters as particles are mainly 
collected at the front edge of the filter. In liquid loading, however, collected particles will 
be in close enough proximity to· cause coalescence, resulting ultimately in liquid film 
formation and drainage to lower layers of fibres within the media. The lower layers are 
increasingly soiled by drained liquid until the filter becomes full of liquid and a pseudo 
steady state condition is achieved between additional collection, coalescence, and 
drainage. This means that the filter can be operated for much longer periods of time 
without the pressure drop increasing to inoperable levels. In must be noted, however, that 
the level of pressure drop achieved at steady state is highly dependent on the initial 
packing density of the media. For instance, for the multi-layered media loaded in the 
present studies, operation may not be feasible at the fully clogged state, since the pressure 
drop at pseudo steady state was very high because of a large initial packing density 
(>20%) and the exhaust pump used on the loading rig was not powerful enough to 
maintain the pseudo steady state operation for this media for extended periods. 
6.2.3.2.3 Challenge aerosol size effects on liquid particle loading 
Larger liquid particles occupy a greater volume in space and have a higher wetting 
capacity than smaller particles, so filter pores clog more readily, resulting in a more rapid 
increase in the resistance to gas flow through the media. This increased wetting capacity 
would result in a higher occurrence ofliquid film formation on fibre surfaces, producing 
in a fall in penetration, as filmwise collection is less efficient than dropwise. 
Further studies into all of the loading effects discussed above are recommended. 
6.2.3.3 Multi-layered media -liquid particle loading response 
In multi-layered media, the loading responses exhibit clearly defined stages in loading for 
each layer of the media. Although interaction between layers is highly probable, the 
general trend appears to be clogging of the frrst layer, followed by the second layer, and 
so on until the filter becomes full of liquid and reaches a pseudo-steady state region. In 
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the case of the media studied here, only two layered media was tested, however it is 
possible that the trends described above are likely to occur for filters having more layers. 
Further studies into this phenomenon are recommended. 
If we are to assess liquid loading behaviour correctly, the validity of the LSP technique 
used in these studies for measuring filter penetration in liquid aerosol loading is 
questionable, since we cannot guarantee that the aerosol leaving the filter is monodisperse 
in nature. The liquid aerosol loading results should be considered as qualitative only after 
the initial stages. 
6.2.4 Comparison of solid and liquid particle loading onto multi-layered media 
A large number of liquid-particle loading tests were performed on Bekaert Bekipor ST-
IOAL3 stainless steel fibrous media (previously classified as multi-layered media) during 
the course of this study. These results have been reported in Chapter 4 and discussed in 
the previous section of this chapter. In order to make a fair comparison between liquid and 
solid particle loading and to verify that the modified filtration rig (rer. Chapter 3, solid-
particle filtration rig) was functioning correctly, a small number of solid-particle loading 
tests were performed on this media. 
Table 6.1 lists operating parameters for each set of data plotted in Figures 6.1 and 6.2, 
where pressure drop and penetration responses to mass deposit on the filter media are 
plotted. Data have been plotted on log-log axes in Figures 6.1 and 6.2 in order to show the 
full extent of loading for each test. In addition, data plotted in Figure 6.1 and 6.2 have 
been normalised as follows: 
Ij Mass deposited - by mUltiplying the experimental mass deposited by the ratio of 
standard aerosol particle density of 1000 kg m·3 to that of each of the loaded aerosol 
particles. Thus for the solid particle loading tests, the normalising factor was 
(1000/841), and for the liquid particle loading data, the corresponding factor was 
(1000/963). 
Ij Pressure drop - by dividing the true pressure drop data by the face velocity. 
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Table 6.2 summarises the loading characteristics of each data set using the same 
nomenclature as that adopted in Chapter 4. Note that the data listed in Table 6.2 has not 
been normalised according to the methods described above. 
Aerosol Sample U, dPI' a, d. a. N x 10.
1
• Figure 
loaded No. (m .. l ) (Pa) (0/.) (jUI1) (-) (pm"i reference 
DES 33 0.14 165.0 26.2 0.80 1.08 2.67 
Figure 6.1 
Stearic acid 28 0.13 150.0 25.6 0.67 1.10 2.33 
.. 
DES 32 0.Q3 38.0 26.3 2.12 1.07 5.82 
Figure 6.2 
Stearic acid 10 0.05 80.3 26.8 2.75 1.10 1.72 
Table 6. I: Comparison of solid and liquid-particle loading - operating conditions and aerosol 
characteristics for Bekaert Bekipor@ST-IOAL3fibrousmedia loading with DES and stearic acid particles. 
Sample a, cl,... MI• dPI' p~. 11. M(,Iold Mer toPer Per 
No. (0/.) ()un) (g) (pa) (%) (%) (g) (g m") (pa) (%) 
33 26.2 65.4 3.4064 165.0 29.2 25.65 3.4598 28.2 (PI) 199.0 (PI) 5.5 (PI) 
28 25.6 72.8 3.2637 150.0 37.3 23.4 3.2760 1.6 240.0 30.9 
32 26.3 63.1 3.3679 38.0 10.3 46.30 3.6367 82.1 (PI) 64.0 (PI) \.6 (PI) 
297.7 (P2) 83.0 (P2) 0.0 (P2) 
10 26.8 6\.6 4.9390 80.3 5.6 56.9 4.9643 2.2 538.5 \,7 
Table 6.2: Comparison of solid and liquid-particle loading - summary of loading characteristics for 
Bekaert Bekipor@ST fOAL) media loading with DES and stearic acid particles at various face velocities. 
N.B. This data has not been normalised. PI and P2 denote the equivalent clogging points for the liquid 
loading tests. dpon listed here refers to the composite pore diameter of this media, calculated using the 
overall packing density listed above and composite fibre diameter (in the upper layer of this media, dpon : 
14.4 pm, and df = 8pm). 
It is evident from Figures 6.1 and 6.2 and Table 6.2 that, after accounting for slight 
differences in loading particle diameter for each of the compared data setst , the filter 
I For the second data set (Figure 6.2), it was considered that the opposing effect of higher face velocity (i.e. 
faster clogging factor) and larger particle diameter (i.e. slower clogging factor) in the solid particle loading 
test were likely to generate a reasonable data set for comparison with liquid loading test data. Similarly, in 
the first data set, the opposing effects of a slightly lower face velocity (i.e. slower clogging factor) and 
slightly smaller particle size (i.e. higher clogging factor) produce a representative comparison with liquid 
loading data. 
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clogs much more quickly in solid particle loading. In fact, in both of the solid-particle 
loading tests illustrated in Figures 6.1 and 6.2, the filter almost immediately clogs and 
steep increases in pressure drop and fall in penetration values are observed as the filter 
cake builds up on its surface. This filter media has a significantly higher packing density 
to other media tested during the current studies and thus is expected to clog more quickly 
(the pore size of the upper layer is about 14 J.UI1, about half that of the low packing density 
1.5 J.UI1 monolayered media). 
Solid particle loading occurs solely in the upper layer of the media, in which pores are 
clogged almost immediately by the incoming aerosol. Thus, this filter media behaves in a 
similar manner to a surface filter for solid particle loading. In contrast, liquid-particle 
loading produces a much more gradual response to increasing mass load, as indicated by 
the pressure drop and penetration data. This shows that the full depth of the filter is being 
used in the filtration since pores on the upper surface of the filter are not being blocked as 
readily as in solid-particle loading. Collected liquid is coalescing, relocating, and draining 
from the upper layer of the filter to the lower layer as more and more particles are loaded. 
Pools of liquid formed by these effects are surrounding, but not blocking, the pores, and 
thus allow gas to flow through the media rather than inhibit it. These factors generate a 
dampening effect in the rate of increase in pressure drop with loading, and the liquid 
pools formed enhance the collection efficiency of the filter by acting as additional 
collection sites. Since the whole depth of the media is used in liquid particle loading, it 
follows that it possesses a much greater loading capacity than in an equivalent solid 
particle loading test. This trend is clearly shown by the much greater mass deposition in 
the liquid loading data illustrated in Figures 6.1 and 6.2. 
In Section 6.2.3, the initial stages of loading for solid and liquid particle loading were 
reported to be very similar. Figures 6.1 and 6.2 show that this trend does indeed occur for 
the very early stages ofloading. 
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Figure 6.1: Comparison of solid alld liquid particle loading - pressure drop (normalised) and penetration 
versus mass deposited responses Jar 0.67 JlI11 stearic acid and 0.80 JlIIl di-ethyl sebacate (DES) particle 
loading onto Bekaert Bekipor ST-I OA L3 slain less steel fibrous filter media at an average face velocity of 
0.14 m s-'. 
234 
Chapter 6: Discussion 
13000 r--------------------------------------------------, 
stearic acid 
11000 
E 
'" ~ 
9000 
7000 di-ethyl sebacate 
Mass deposited (g mO ' ) 
(a) pressure drop (normalised)-mass deposited characteristics 
100.0% ,-----------------------------, 
10.0% di-ethyl sebacate 
1.0% 
stearic ac id 
0.1% +-__ ~~~ __ ~~~ ____ ~~--~~~___, __ ~~~ __ ~~ ... 
0.01 0.1 10 100 1000 10000 
Mass deposited (g mO ' ) 
(b) penetration response to increasing mass deposi t 
Fig ure 6.2: Comparison of solid and liquid particle loading - pressure drop (normalised) and penetration 
versus mass deposited responses for 2.75 J1t1l stearic acid and 2.12 J1t1l di-ethy l sebacate (DES) particle 
loading onto Bekaert Bekipor ST-IOAL3 stainless s teelfibrousfilter media at aface velocity 0/0.05 m s·'. 
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6.2.5 Penetration-pressure drop relationship 
The relationship between particle penetration and pressure drop with increasing particle 
load has been described by Davies [1970]. Davies [1970] proposed rating filters using 
clogging parameters and this rating system in essence distinguishes filters that clog very 
quickly and open structured media that possess more gradual loading responses. 
Particle addition onto a filter surface affects both penetration and pressure drop. We can 
examine the particle contribution by dividing the loaded penetration values by the initial 
penetration (Le. Pp = P,lPo) and taking the difference between loaded and clean pressure 
drop data (Le. ilpp = ilp,-ilpo). Penetration and pressure drop values have been calculated 
using the above technique and plotted for filters loaded during this study in the next two 
subsections for solid and liquid particle loading respectively. 
These relationships are predominantly based upon the loading particle diameter and not 
the filter medium. The same particles that produce a fall in penetration cause a 
proportional rise in pressure drop. These clear relationships could not have been obtained 
without the use of monodisperse aerosols in the loading tests. 
6.2.5: 1 Solid particle loading (Pp versus tJp,,) 
Pp versus ilpp data for solid particle loading is illustrated and discussed in this section for 
the following effects: face velocity, challenge particle size, filter packing density, and 
filter fibre diameter; plotted in Figures 6.3 to 6.6 as follows: 
o face velocity effect (Figure 6.1): 
(a) Melty fibres at 0.10 and 0.20 m S·l face velocity for ar = 1.2% and dg = 1.03 11111 
(ref. Figure 4.1 0); 
(b) Bekeart Bekipor® WB 2/150 media at 0.06 and 0.12 m S·l face velocity for ar = 
1.9% and dg = 1.2511111 (ref. Figure 4.1 I); 
o challenge particle size effect (Figure 6.4): on 1.9% packing density Melty fibres at 
0.10 m S·l face velocity for dg = 0.84, 1.28 and 1.47 11111 (ref. Figure 4.13). 
Corresponding grade penetration data for a selection of particle grades measured at 
different stages ofloading in the 0.84 11111 test is shown in Figure 6.4(b). 
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o filter packing density effect (Figure 6.5): for 1.2 and 9.3% packing density Melty 
fibres at 0.10 m S·1 face velocity for dg = 1.06 lll11 (ref. Figure 4.15); 
o filter fibre diameter effect (Figure 6.6): Bekeart Bekipor® WB 4/150, 8/300 and 
12/300 media at 0.05 m S·1 face velocity for 1Xr = 0.6% and dg = 0.96 lll11 (ref. Figure 
4.16). Corresponding grade penetration data (rer. Figure 4.18) for a selection of 
particle grades measured at different stages of loading for the WB 12/300 test is 
shown in Figures 6.6(b). 
Generally, a mostly straight-line relationship is observed in the log-linear plots of 
penetration versus pressure drop after consideration of the initial penetration. This straight 
line relationship indicates that the filter quality is constant, confirming observations 
reported by Trottier [1996] who found similar trends for the diff\1sion regime. In addition, 
the following general conclusions can be drawn from Figures 6.3 to 6.6: 
o The gradient of the Pp versus ~Pp relationship increases with smaller face velocities, 
challenge particle sizes, and filter fibre diameters, and for larger filter packing 
densities; whilst all other parameters remain constant; 
o The Pp versus ~Pp relationship must therefore be a function of face velocity at 
constant challenge aerosol size, filter packing density and filter fibre diameter, after 
consideration of the initial filter penetration. Similarly Pp versus ~Pp is a function of: 
o challenge aerosol size for constant face velocity, filter packing density & filter 
fibre diameter, which is consistent with trends reported by Japuntich [1991]; 
o filter packing density for constant face velocity, challenge aerosol size and 
filter fibre diameter; 
o filter fibre diameter for constant face velocity, challenge aerosol size and filter 
packing density. 
These observations add credibility to the Davies [1970] relationships relating 
penetration with pressure drop during loading through a set of constants. In addition, 
the "quality" of the filter is constant. 
o Figures 6.2 (b) and 6.4(b) show that LSP derived penetration data obtained agrees 
well with grade penetration data measured using the Las-X. This indicates that high 
quality data was obtained during the solid particle loading tests of this study. 
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o The clear relationships observed in Figures 6. 1 to 6.4 could not have been obtained 
without the use of a monodisperse challenge aerosol in the loading tests. 
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Figure 6.3: Pp versus /Jppfor srearic acid parricle loading 01110 (a) Melty fibres at O. J 0 and 0.20 In S· I face 
ve/ocity (CIf ~ 1.2%. dg ~ 1.03 fim). alld (b) Bekeart Bekipor@ WB 21150 media at 0.06 and 0.12 1/1 S' face 
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in Figures 4.10 and 4.11 respectively. 
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6.2.5.2 Liquid particle loading (Pp versus Llp,,) 
General coalescence loading behaviour has been discussed in detail in Sections 4.2.2. 1 
and 4.2.2.2 for two types of stainless steel fibrous media. An analysis of the Pp versus t.Pp 
relationship is now discussed for liquid particle loading systems. 
6.2.5.2.1 Monolayered media 
The penetration-pressure drop relationship IS shown in Figure 6.7 below for Bekaert 
Bekipor@WB 1.5/150 stainless steel media loading with 21ill1 DES particles at 0.12 m.s· 1 
face velocity. The general straight line relationships observed in regions Ca) and Cb) have 
approximately the same gradient, indicating that, for constant operating conditions and 
filter parameters, penetration and pressure drop are a function of challenge particle 
diameter alone; as observed in the solid particle loading work. In region Cc), the 
penetration-pressure drop relationship fluctuates around a constant equilibrium value. 
100.0% f""'_.--------------------------, 
(1')/ 
-14-- (') - ---t>j4- ----(b) ----- ---.1 (c) 
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Figure 6.7: Pp versus tJpp dara /or Bekaert Bekipo/~ WB 1.5/ /50 stainless steel media loading with 2 J.im 
DES particles at 0.12 nu·1 face velocity. Labels shown: (a) initial loading region, (b) approach 10 
equivalent clogging point (P), and (c) plateau or pseudo steady state region. Two minimum penelratioll 
points (I) alld (2). were observed prior to Ihe filter becoming truly clogged. The dotted line indicales the 
probable locatioll of (P) as LSP penetration data was below the zero error threshold in this region (set at 
0.37% arithmetic standard deviation (ASD)). 
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6.2.5.2.2 Multi-layered media 
Figure 6.8 shows the penetration-pressure drop relationship for the full range of loading 
onto Bekaert Bekipor® ST 10AL3 stainless steel media loading with 2.6 IJ.I1l DES 
particles at 0.16 m.s- I face velocity. This plot has been divided into two figures for clarity 
in Figure 6.8. The general straight line relationships observed in regions (a) and (b) have 
approximately the same gradient; indicating that, for constant operating conditions and 
filter parameters, penetration and pressure drop are a function of challenge particle 
diameter alone for the fmt layer of the filter. In region (c), the penetration-pressure drop 
relationship slowly increases to a constant level until region (d) is reached. In regions (d) 
and (e) general straight-line relationships are observed once more, however the gradient 
of the line in region (e) is slightly steeper than in region (d), and both gradients are 
steeper than regions (a) and (b). 
lOO.~~ .-------------------------------------------""-, 
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Figure 6.8: Pp versus L1pp data for Bekaert Bekipor® ST IOAL3 stainless steel media loading with 2.6 j..JJ1I 
DES particles at O. 16 m.s'/ face velocity. Labels shown: initial clogging poim (PI) and equivalent clogging 
po;", (P2). 
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It is likely that some interaction between layers is occurring in region (d), whereas in 
region (e) the penetration-pressure drop relationship is purely due to collection in the 
second layer of the filter, which has a smaller fibre diameter and slightly lower packing 
density to layer I. The differences in gradient are therefore most likely due to the effect of 
different fibre diameters in each layer of the filter. The high packing density of the media 
probably exaggerates the fibre diameter effect more than expected since fibres are more 
closely packed together. 
The effects of fibre diameter, loading particle size, filter face velocity and packing density· 
on Pp versus app responses have been reported previously in Section 6.2.5.1 for solid 
particle loading. A similar analysis of data for liquid particle loading may be found in 
Appendix 6 for face velocity and challenge particle size only (insufficient data is available 
for filter packing density,. and filter fibre diameter to make comparisons for these effects). ' 
Generally, we fmd that the gradient of the Pp versus ~Pp relationship increases with 
smaller face velocities and challenge particle diameters. This is in agreement with trends 
obtained in solid particle loading. It is possible that the change in slope of the Pp versus 
app relationships for different filter packing density & filter fibre diameter follow similar 
trends to those observed in solid particle loading. Thus, we might observe an increase in 
the gradient for smaller fibre diameter or larger packing density filters. 
6.2.5.3 Comparison of solid and liquid particle loading (Pp versus .1pp) relationship 
on multi-layered media . 
Comparison of solid and liquid particle loading behaviour for the multi-layered media 
was discussed previously in Section 6.2.4. In this section, the Pp versus app data for these 
tests are shown and discussed. These data have been included since their comparison 
allows a clearer account of the liquid loading behaviour. 
Figure 6.1 0 shows the penetration-pressure drop relationship for stearic acid and di-ethyl 
sebacate particle loading onto Bekaert Bekipor ST-IOAL3 fibrous filters at the following 
conditions: 
o 0.67 IlIIl stearic acid and 0.80!llIl di-ethyl sebacate (DES) particle loading at 0.13 and 
0.14 m 8-1 face velocity respectively; 
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o 2.751lm stearic acid and 2.12 J..lII1 di-ethyl sebacate (DES) particle loading at 0.05 and 
0.03 m S·1 face velocity respectively. 
Note that the particle-contributed pressure drop data plotted in Figure 6.1 0 has been 
normalised by dividing the true data by the face velocity for each of the tests illustrated. 
It is evident from Figure 6.10 that a mostly straight-line relationship occurs for solid 
particle loading throughout the filter life after consideration of the initial penetration. This 
is in agreement with previous observations reported in Section 6.2.4.1. In addition, solid 
particle loading occurs only in layer I of this filter media. A comparable straight-line 
relationship occurs in the initial loading region for both liquid particle loading responses; 
after accounting for slight differences in loading particle diameter and face velocity 
between the respective data sets for solid and liquid particle loading. This can be seen 
more clearly in Figure 6.1O(b), where the initial loading region is more extended. 
However, this is where the similarity between the two systems ends. Clearly, liquid 
particle loading produces a much more complex response than in solid particle loading. 
Close agreement between the solid and liquid loading data sets for the initial region 
indicates that the validity of the LSP measurement technique can be assured in the liquid 
particle loading tests for this media despite the possibility of particle re-entrainment in the 
more heavily loaded stages of these experiments. 
The solid and liquid loading data shown in Figure 6.1 0 can be used to explain the 
behaviour of liquid particle loading in the multi-layered media much more clearly than 
previously described. 
The general Pp versus App relationship for the multi-layered media loaded with liquid 
particle aerosols was discussed earlier in this section. This test used a much larger loading 
diameter and higher face velocity than in the liquid particle loading tests shown in Figure 
6.10. Ifwe refer to the regions previously described for this type of media: 
\) regions (a) and (b) showed similar gradients for the Pp versus App responses; 
o region (e) had a slightly steeper gradient than region (d); 
o the gradients of the Pp versus App relationship were slightly steeper in regions (d) and 
(e) than in regions (a) and (b). 
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For the liquid loading tests shown in Figure 6.10, we fmd that there is a difference in the 
Pp versus App gradients for regions (a) and (b); where for region (b) a steeper gradient is 
observed. In Figure 6.10(a), the higher face velocity produces a much shorter region (a) 
than in Figure 6.1 O(b). However, both gradients agree weII with solid particle loading 
data, indicating that loading is indeed occurring in layer 1 of the media and that for 
constant operating conditions and filter parameters, penetration and pressure drop are a 
function of chaIIenge particle diameter alone for that layer only. 
A non-"linear" region is observed at the start of region (b). In this region, coalescence, 
relocation and drainage occur to result in the development of liquid pools and some film 
formation on the fibres within the upper layer of the media. This results in the upper layer 
graduaIIy becoming more open and thus less resistant to gas flow through it. 
Another straight-line relationship occurs at the latter portion of region (b), however on 
this occasion a steeper gradient is observed. This would imply that coIIection is occurring 
in layer 2 more readily than in layer 1. This is a reasonable statement since layer 2 
possesses both a smaIIer fibre diameter and larger packing density to layer 1, whose 
effects have already been shown to increase the Pp versus App gradient. These effects 
combine to generate a larger single fibre efficiency than would be the case in layer 1, 
which has a greater number of film-coated fibres. Filmwise coIIection has already been 
shown to be less efficient than dropwise coIIection. Thus a greater degree of particle 
coIIection occurs in layer 2 due to its relatively higher efficiency, and the steeper gradient 
is observed. 
An initial clogging point then occurs to produce a minimum in the Pp versus App 
response. In region (c), further coalescence, relocation and drainage occur to produce 
another non-"linear" response as pools· of liquid and a limited number of fibre-coating 
fihns are developed. A temporary pseudo-steady state condition then occurs, where 
coalescence, relocation and drainage are in equilibrium in both layers of the filter. This is 
indicated by the Pp and App values fluctuating around a constant value. 
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The whole process observed in regions (a) and (b) then repeats itself at the end of region 
(d) and in region (e), where collection again occurs in layer 1, and then ultimately 
collection in layer 2. This is shown by a short straight-line region in the Pp versus ~pp 
response of similar gradient to that in region (a). Another non-"linear" region follows, 
with second straight-line response of similar gradient to that in region (b). A second 
minimum is observed where the true clogging point occurs. 
As we enter region (I), the response becomes non-"linear" again, where further 
coalescence, relocation and drainage occur in both layers of the media. On this occasion, 
however, we fmd that pores are being filled with liquid to generate increased pressUre 
drop and liquid films develop on all fibres within the filter to generate a rise in 
penetration. We eventually fmd a pseudo-steady state condition arising again, in which 
coalescence, relocation and drainage are in equilibrium and penetration and pressure drop 
fluctuate around a constant value; as shown previously in Figures 6.8 and 6.9. 
6.3 Analysis of the clogging point in solid particle loading 
6.3.1 Clogging point variations with different loading parameters 
This section is in two parts. The first part compares clogging point data obtained during 
the current study for Melty fibrous filters to that reported by Graef [1995]. This 
information allows validation of the experimental method and equipment used during the 
current study, which was similar to that used by Graef. The Graef filtration rig had been 
dismantled and certain parts redesigned and used in the construction phase of the present 
study. A number of modifications were made to the rig,. the most important being the 
construction of a new aerosol generator since the MAGE used by Graef was no longer 
available for use in the current study. Certain design modifications decreased pipe fouling 
and improved the response of the LSPs (these were completely re-wired). The second part 
discusses the effect of fibre diameter on the clogging point using data obtained during the 
present study. 
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6.3.1.1 Agreement with published data 
Clogging point data obtained for the Melty media loading tests illustrated previously in 
Chapter 4 show acceptable agreement with Graefs data after consideration of possible 
errors arising from slight differences in experimental techniques between the two studies. 
In order to make a direct comparison between the two studies, critical intersection 
clogging point data (MeIP) in terms of mass deposited for each Melty data set has been 
found using the definitions described in Section 4.1.3.1. This was the clogging point 
parameter used by Oraef. Figure 6.11 shows a plot of critical intersection clogging point 
(MeIP) versus pore diameter (dpore) for Melty media loading tests of each study. Included 
in Figure 6.11 are linear regression results for 0.55, 1.35 and 2.15 j.lm stearic acid particle 
loading from the studies of Oraef. 
6.3. 1.2 Influence of fibre diameter on clogging point 
The linear regression data for Melty media shown in Figure 6.11 shows good agreement 
with experimental data, however Oraef only used filters of the same depth in terms of 
numbers of fibres, and these filters were very thin so that no depth effect was observed. 
Filters tested during the present study do possess a depth effect: numbers of fibres 
increase for lower fibre diameter filters for the same depth of filter. Thus using mass 
deposit per unit faced filter area to assess clogging point trends, as performed above, is 
not a good measure of the behaviour. For the filters assessed during the present study, it is 
better to use the mass faced onto the filter as an indication of the filter life, since the front 
edge clogs first. 
In Figure 6.12, mass faced clogging point data are plotted against filter pore diameter for 
the fibre diameter loading tests shown in Chapter 4 (ref. Figure 4.17). It is clear that the 
relationship is non-linear. In contrast, Japuntich [1991] previously reported a linear 
relationship between mass faced clogging point and the filter pore diameter, however the 
author did not use as wide a range of pore diameters as used here. A second order 
polynomial curve fit was performed on this data and indicates good agreement with 
experimental values. 
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6.3.2 A theoretical analysis o/the clogging point 
In Figure 5.2, which was taken from Kanaoka's observations of dendrite growth in the 
interception regime, we see a dendritic structure growing outwards in a regular manner 
from the fibre. It follows from this that clogging will occur when the dendrites reach the 
fibre cell boundary. In other words, the fractional volume of collected particles in the 
filter at clogging, <lp,c, is proportional to the filter pore diameter, dpore. 
This trend has been confirmed by experimental data of the current study as well as that 
published by Japuntich, where the clogging point has been shown to be proportional to the 
pore diameter. 
Referring back to Figure 5.12, dendrite growth is shown to be much more "idealised" than 
would be the case in a real filter. In a real system, much more complex structures are 
formed due to the following reasons: 
o Fibres are laid out in a random array within a real filter, so a dendrite adjacent to 
another is less likely to meet up with it at the edge of the fibre cell boundary; 
o Dendrites do not grow evenly along a fibre - in Figure 5.2, we see an averaged effect. 
Thus, some advancing sections of dendrite growth will meet up with adjacent sections 
very quickly, while others will take a much longer period oftime. 
o The fibre spacing in a real filter is not uniform, but widely and randomly distributed 
about a mean. 
As a result of these properties, the clogging process actually observed is a slow and 
smooth transition from depth to surface filtration, rather than a sharp change that would 
be the case for the "idealised" filter system. However, it is necessary to use average values 
in the model for simplicity. 
An estimation of the average particle load when clogging occurs can be calculated 
methodically from Figure 6.13, which shows a diagrammatic representation of a particle 
clogged filter cell. 
The shaded region in Figure 6.13 comprises of fibre plus dust. Its fractional area, !Xshaded, 
is given by: 
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(6.1) 
The fractional cross-sectional area of the fibre is given by ar, so the fractional area 
occupied by the particles, Up,c, is therefore: 
ap" = ab(:.[cl; -at) (6.2) 
Notice that Equation (6.2) also accounts for the porosity of the dendrite "bed". 
-,,..ntr,, line 
collected particles 
cell boundary 
Figure 6.13: Diagram ola particle cloggedfilter cell. 
Of course, Equation (6.2) assumes that the depth of the bed is the same as the fibre 
diameter, with no justification. However, if we look at the data of Graef, who loaded very 
thin filters to a point well beyond the clogging point, we fmd that the depth of the bed (Le. 
the shaded area in Figure 6.13) is approximately equivalent to the fibre radius. This 
implies, therefore, that a constant must be applied to Equation (6.2), which may be of the 
order of 0.5, however, this may well be a function of the fibre diameter. If this factor is 
represented by kooI, then Equation (6.2) becomes: 
(6.3) 
Experimental results from the present study can be used to analyse data from the variation 
of fibre diameter solid particle loading experiments previously reported in Chapter 4. 
253 
Chapter 6: Discussion 
6.4 Further analysis of the initial loading regime in solid particle loading 
The initial loading regime in solid particle loading has received considerable attention by 
a number of workers over the years (rer. Chapter 2), so it is interesting to study it further. 
We recall from Chapter 5 that the effective fraction of gas (fg) is a linear function of the 
fractional volume of filter media occupied by particles (O"p) and: 
l1 si,tot = (l-fgft,si +l1bed,equiv (5.9) 
In this region, fg is small, so Equation (5.9) becomes: 
(6.4) 
Now the Kanaoka expression is reported as (Myojo et al [1984]): 
A = Ao(1 +k'O"pm) (6.5) 
where A and Aoare the "space efficiencies" for a loaded and clean filter, k'the Kanaoka 
efficiency raising factor, and O"pm the mass per unit volume of collected particles in a layer 
ofthe filter in terms kg m·l . 
Ifwe combine Equation (6.4) with Equation (6.5), we get: 
Tj.;.toI = Tj,; + (k'Tj,;Pp)cr p (6.6) 
Hence kl is related to k' by: 
(6.7) 
The right hand side of Equation (6.7) contains the clean filter single fibre efficiency. In its 
use, Kanaoka claimed that his model would reflect the collection mechanism to some 
extent. In fact, after considering the experimental and theoretical data reported in Figure 5 
ofKanaoka's 1984 paper, we find that the product k'Tj,;is almost constant, with a value of 
0.5 for experimental data and 1.0 for the theoretical prediction. The theoretical value of 
k'Tj,; was obtained by simulating the change in single fibre efficiency whilst particles were 
being deposited onto a fibre in an undisturbed Kuwabara field. However, the use of this 
undisturbed Kuwabara field limits the model to the early stages of loading. In addition, 
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the value of I for the theoretical k'1],; represents the lower value of a range, since various 
values were obtained for different mechanisms. 
Calculation§ of k'1],; for experimental loading data reported by Japuntich, Graef and this 
study are listed in Table 6.3. These data suggest that the experimental value of 0.5 
reported by Kanaoka is in error by a factor of 10. Further investigation of data given in the 
1980 and 1984 Kanaoka papers (Kanaoka et al [1980] and Myojo et al [1984]) also 
indicates that the theory is out by a factor of 10. The data shown in the table in Kanaoka's 
1984 paper also do not agree with the figure shown in the same paper by a factor of 10. 
However, the experimental values given in the table of the 1984 paper give values of 
k'1],;ofthe same order as listed in Table 6.3". On closer examination of these papers, it is 
apparent that the Kanaoka theory overpredicts k' because: 
I. The particle-particle target efficiency was assumed perfect (i.e. equal to 4); 
2. The deposited particles were assumed to have no effect on the flow profile around the 
fibre, which is not strictly true. 
A simple estimation of the single fibre efficiency for zero Stoke's number, a packing 
density of 0.03, and interception parameter of 0.1 for the interception mechanism only 
gives a value of 0.0088 for 1],i. Kanaoka reported a value ofk' of 14.7 for the parameters 
used above, giving a value of 0.13 for k'1],;. This is a slight overestimate of the 
experimentally obtained value of 0.05, however it does confirm that the graph in the 1984 
Kanaoka papertt is in error by a factor of 10. 
A more simplistic method of estimating this product is described below, where it is 
assumed that the particles are all the same size, as is the case for loading experiments 
conducted in the current studies. 
I Two calculation methods can be used. Appendix 6 describes both methods: (1) Myojo et al [1984] and (2) 
Kanaoka [1998] and Walsh & Kanaoka [1999]. Method (I) was used in determining k'1],; for data from 
this study and method (2) for lapuntich and Graef data. Both are equally valid: method (1) uses mass 
deposited data whereas method (2) uses mass faced data in the calculations . 
.. More data may be found in Appendix 6. 
tt This graph may be found in Appendix 6 for reference. 
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Study Filter parameters Average k'll,i for study 
(with configuration factor of 1.6) 
Japuntich [1991) Monodisperse fibres: 
dr= 15.5 lUll for <Xr= 3.4% to 10% 0.054 Polydisperse fibres: 
dr= 1.9 to 4.9 lUll (average) for <Xr= 3.9% to 5% 
Graef[1995)* Monodisperse fibres: 0.030 dr= 37.5 lUll for <Xr= 2.2% to 27.5% 
Present study Monodisperse fibres: 0.046 dr = 2 to 12 lUll for <Xr = 1.9% 
"'mass faced data were not available in this calculation. This value was estimated by assuming a thin filter which has 
uniform loading throughout 
Table 6.3: Calculation of k'll,i values for loading data reported by Japuntich. Graef and this study. 
6.4.1 Simple method of estimating k'll,i 
Consider that the increase in efficiency is a result of an effective rise in the interception 
parameter as particles are deposited. For a clean filter, a particle is captured if the starting 
point of the trajectory is less than that of the critical trajectory, Yerit. This critical trajectory 
is simply a streamline that passes at a distance R (in dimensionless tenns) from a fibre 
that is perpendicular to the direction of flow. When we consider that some particles have 
deposited on a fibre, as shown for a filter cell in Figure 6.14, the probability of an 
incoming aerosol particle colliding with a deposited particle is proportional to the 
effective area of deposit "observed" by the approaching particle. 
gas flow 
/{--~-t'\ 
I \ ~~ tOO""""' 
. \ I 
\ r1 I 
collected particles " ,/ 
.... _-_ ... , 
cell boundary 
Figure 6.14: Diagram ofapartially-clogged ftltercell. 
256 
Chapter 6: Discussion 
For a unit cell cross sectional area, this corresponds to the shaded area shown in Figure 
6.14 and is given by: 
a IOcr m Shaded area = 2d f rt = -p = --p-
ab Pp 
(6.8) 
where Ctpm is the local loading in kg m·3, <Xb is assumed to be 0.10, and rl is the "effective" 
radius of the particle bed on the fibre. 
The fibre volume is given by: 
The effective increase in R, R', is given by: 
R'= shaded area 
d 2 
f 
Combination of Equations (6.8), (6.9) and (6.10) gives: 
R'= 2rt = (1t)(lOcrpm ) 
d f 4 ppaf 
Leading to an increase in dimensionIess interception parameter, R' of: 
R'= 2rt = (2.51tcr pm) 
df ppaf 
(6.9) 
(6.10) 
(6.1 I) 
(6.12) 
The single fibre efficiency due to interception may be calculated from Equation (2.3 I), or 
Equation (2.32), depending if slip flow is present. For the clean filter, the original 
interception parameter, R, is used in this calculation, however for the loaded filter,· a 
modified interception parameter, Rn.w, is used in place of R: 
R •• w =R+R' (6.13) 
where R is determined from Equation (2.29). 
Kanaoka (l980) determined the value of k' by computing trajectories in the 
neighbourhood of a fibre and applying the effect of deposits on subsequent particle 
capture. For an interception parameter, R, of 0.1, and fibre packing density, ar, of 0.03, a 
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value ofk' of 14.7 was reported (where T)sj = 0.0088). Application of Equation (6.12) and 
(6.13) as described above gives a value of 5.19 for k'. This leads to a value of 0.046 for 
k'T),j' which is the same as the average experimental value obtained for the current study, 
as shown in Table 6.3; thus p~oviding further evidence of error in the Kanaoka theory. 
However, this simple naive approach is only applicable to pure interception. With the 
filters used in the present study, inertial impaction is also in effect, albeit less 
significantly than interception, resulting in particles deviating from the streamlines and 
depositing further towards the front edge of the fibre. Thus, thek'T),; value could be much 
lower. An average experimental value for filters tested in the current study was given in 
Table 6.3. The actual experimental values obtained for the 1.9% packing density media 
tested in this study are plotted against fibre diameter in Figure 6.15. Figure 6.15 indicates 
that k'T),; decreases with fibre diameter, so one can conclude that k'T),; is due to a finite 
particle size effect. 
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Figure 6.15: Plot of k'T),; against fibre diameter (dp for the 1.9% packing density fibrous media tested in 
the current study. 
The model described above was applied to the media shown in Figure 6.15. Reasonable 
agreement between predicted and experimental values of k'T),; were observed, after 
accounting for the fact that interceptional capture has only been assumed in the model. 
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6.4.2 An analysis of pressure drop measurements for solid particle loading 
A number of loading curve characteristics for solid particle loading have already been 
discussed above and described in Chapter 4 (ref. Figures 4.5 and 4.6). In this section, 
particular focus will be paid to the pressure drop-mass deposited loading curve 
characteristics (ref. Figure 4.5) for the two linear regions identified previously; i.e. initial 
loading, and the cake filtration region. 
6.4.2.1 Initial loading region 
The initial loading region may be represented by drawing a tangent to the pressure drop 
curve from zero mass deposit (Mdep = 0) to the mass deposited at the lower transition 
point (Mdep,LTP)' Thus: 
(6.13) 
where 13 is the slope of tangent for initial loading. 13 versus Stokes' number (Stk) and the 
interception parameter (R) are respectively plotted in Figure 6.16 for the fibre diameter 
loading tests previously reported in Chapter 4 (ref. Figure 4.17). 
Clearly, 13 falls non-linearly with increasing fibre diameter, and rises non-linearly with Stk 
and R. Second order polynomial fits were performed on Stk and R data shown in Figure 
6.16 and produced reasonable agreement with experimental data. Since the fibre diameter 
is proportional to the pore diameter, it follows that a similar change in 13 as pore diameter 
increases would be observed. Graef found these relationships to be linear for constant 
challenge aerosol diameter and different packing density filters, however he tested very 
thin filters that showed no depth effect. The data shown here confirms that a depth effect 
is occurring as reported previously in Section 6.3.1.2. The similar responses of 13 to 
variations in Stk and R indicate that fibre-fibre spacing plays an important role in the rate 
of dendrite development. As the fibre diameter decreases, the fibre-fibre spacing falls to 
produce a tighter structure. It follows then that since there is less space available to 
accommodate the dendrites, they form more closely packed structures. This results in a 
loss in the space available for gas flow through the media, leading to a greater rate of 
increase in resistance to gas flow through the media (i.e. pressure drop), and thus an 
increase in 13. 
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Figure 6.16: Variation of P with (a) Stokes' number(Stk). (b) interception parameter(R), and (c) fibre 
diameter (d). Data obtained from fibre diameter loading tests (Bekaert Bekipor@media and Melty fibres: 
Ilf= 1.9%, d. = 1.32 J1I1I, Uo = 0.10 m s'). 
6.4.2.2 Cake filtration region 
In the cake or surface filtration regime, a tangent to the pressure drop curve is drawn from 
the clogging point mass deposit (Mep) to a mass deposit at time t (M.!ep,t), so that: 
(6.14) 
where y is the slope of the tangent after clogging has been achieved. 
y versus Stokes' number (Stk) and the interception parameter (R) are respectively plotted 
in Figure 6.17 for the fibre diameter loading tests previously reported in Chapter 4 (rer. 
Figure 4.17). It is evident from Figure 6.17(c) that y falls non-linearly with increasing 
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fibre diameter, and rises almost linearly with Stk and R. The results of linear regressions 
performed on Stk and R data are shown in Figure 6.17. 
The similar y responses observed in Figure 6.17 for Stk and R indicates that fibre-fibre 
spacing plays an important role in the development of the filter cake. As the fibre 
diameter decreases, the fibre-fibre spacing falls to produce a tighter structure. This tighter 
structure and the closely packed structures of the underlying dendrites provide greater 
support to a surface filter cake, allowing a more tightly structured filter cake to develop 
with increasing particle load. The loss in the space available for gas flow through the cake 
and media leads to a greater rate of increase in resistance to gas flow through the media 
and filter cake (i.e. pressure drop), and thus an increase in y. 
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Figure 6.17: Variation of fJ with (a) Stokes' number (Stk). (b) interception parameter(R). and (c) fibre 
diameter (dl Data obtained from fibre diameter loading tests (Bekaert Bekipor@media and MeTIy fibres: 
~= 1.9%. d. = 1.32 pm. Uo = 0./0 m Si). 
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6.5 Theory presented in this thesis 
A new approach in predicting solid particle loading behaviour and grade penetration data 
at different stages of loading on fibrous filters was described in Chapter 5. A number of 
simulation runs have been perfonned for the 1.9% packing density Bekaert Bekipor® WB 
and Melty fibrous media (ref. Figures 4.17 and 4.18 for different fibre diameter filters). 
Predicted and experimental loading data were illustrated previously in Section 5.2.2 for 
Bekaert Bekipor® WB 4/150, WB 8/300 and Melty fibrous media at 1.9% packing 
density loading with 1.3 j.UIl stearic acid particles at 0.10 m s·l face velocity. Generally 
good agreement between theory and experiment was observed for these filters. 
Predicted and experimental loading data are illustrated in Figure 6.18 for the 1.9% 
packing density 12 j.UIl media loading and grade penetration test (shown in Figures 4.17 
and 4.18). Table 6.4 summarises predicted grade penetration results compared with 
experimental data. Initially, the model incorporated a diffusion tenn in the granular bed 
and filter cake subroutines for penetration predictions. When the original code was run 
grade penetration values at partially loaded and loaded conditions were over-predicted for 
this filter media. The diffusion tenn was subsequently removed and the code re-run, since 
experimental data indicate that interception and inertial collection predominate in this 
particular filter media (this will not necessarily be the case for all of the filters studied). 
The predicted penetration and pressure drop values with loading did not change as a result 
of this code modification. 
It is apparent from Figure 6.18 that predicted penetration and pressure drop values are in 
good agreement with experimental data. In addition, predicted grade penetration data 
listed in Table 6.4 shows improved agreement after the diffusion tenn is removed from 
the granular bed and filter cake subroutines. Finally, clogging points predicted by the 
model agree well with experimental data. Further simulations are recommended for a 
wider database of solid particle filter loading tests than used here (and in Chapter 5). This 
will validate the model further and allow refmements to be made to the code where 
necessary. In summary, the model produces reasonable answers for loading responses and 
grade penetrations at different stages of loading. In addition, the clogging points predicted 
by the model are in reasonable agreement with experimental data. 
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N 
~ 
0.09 0.11 
0.11 0.15 
0.15 0.2 
0.2 0.25 
0.25 0.3 
0.3 0.4 
0.4 0.5 
0.5 0.65 
0.65 0.8 
0.8 1 
1 1.25 
1.25 1.5 
1.5 2 
2 2.5 
2.5 3 
3 more 
Media:WB 
12/300 
0.1 
0.13 
0.175 
0.225 
0.275 
0.35 
0.45 
0.575 
0.725 
0.9 
1.125 
1.375 
1.75 
2.25 
2.75 
3 
97.2% 91.8% 75.1% 
97.4% 92.4% 75.2% 
97.5% 93.0% 76.2% 
97.7% 92.6% 76.4% 
97.6% 91.4% 75.1% 
97.8% . 90.4% 70.4% 
97.9% 89.0% 66.4% 
95.9"10 86.8% 59.4% 
94.4% 84.1% 51.8% 
91.2% 81.1% 43.8% 
87.0% 77.0% 36.1% 
82.4% 73.1% 26.9% 
78.8% 67.4% 18.1% 
72.3% 61.0% 13.9% 
66.4% 55.5% 7.1% 
70.5% 95.17% 88.23% 51.78% 95.17% 93.88% 86.03% 50.27% 
61.3% 96.35% 89.68% 54.52% 6.80% 96.35% 94.30% 82.08% 42.95% 
43.8% 97.28% 90.81% 56.52% 8.49% 97.28% 93.99% 75.07% 31.94% 
23.5% 97.80% 91.23% 56.47% 8.36% 97.80% 93.20% 67.68% 21.83% 
12.5% 98.23% 90.97% 52.88% 4.94% 98.23% 91.43% 55.56% 7.97% 
4.8% 98.16% 90.57% 50.63% 2.84% 98.16% 90.68% 51.40% 3.83% 
0.9% 97.74% 90.06% 49.26% 1.50% 97.74% 90.07% 49.40% 1.80% 
0.2% 96.83% 89.19% 48.43% 0.79% 96.83% 89.19% 48.45% 0.89% 
0.0% 95.18% 87.67% 47.54% 0.42% 95.18% 87.67% 47.55% 0.45% 
0.0% 93.94% 86.53% 46.92% 0.28% 93.94% 86.53% 46.92% 0.30% 
0.0% 92.07% 84.81% 45.99% 0.15% 92.07% 84.81% 45.99% 0.16% 
0.0% 87.28% 80.40% 43.60% 0.02% 87.28% 80.40% 43.60% 0.02% 
0.0% 77.51% 71.40% 38.72% 0.00% 77.51% 71.40% 38.72% 0.00% 
0.0% 60.78% 55.99% 30.36% 0.00% 60.78% 55.99% 30.36% 0.00% 
0.0% 42.59% 39.24% 21.28% 0.00% 42.59% 39.24% 21.28% 0.00% 
1.7 245.1 
0.0% 87.6% 80.7% 43.8% 0.0% 
34.0 0.1 1.8 13.0 34.0 
Table 6.4: Summary of experimental and predicted grade penetration data. Data are listed for predictions with and without the diffosion term used in the granular bed and 
filter cake subroutines. 
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. 7. Conclusions and recommendations for future work 
7.1 Summary and conclusions 
The main findings of the current work are concluded and summarised below. The 
discussion has been split into two key areas: experimental work, and theory and 
modelling development. 
7.1.1 Experimental work 
(a) Solid particle loading data obtained during the current study have been shown to be 
reproducible and reliable. These data can be used in the development of a basic 
loading model. 
(b) Liquid particle loading produces a much more complex response than solid particle 
loading. The use of the LSP concentration measurement technique is questionable 
since the downstream aerosol distribution cannot be guaranteed to be monodisperse in 
nature. Sizing data obtained using the Aerosizer during some of the liquid loading 
. runs, on the low packing density media, indicates that the downstream aerosols 
produced in the tests conducted during this study are still monodisperse in nature. 
However, with the tighter media, there is evidence of re-entrainment. Droplets are 
generated in the filter which are fmer than the feed material. Thus, it must be pointed 
out that alternative measurement techniques should be incorporated. Such techniques 
would account for liquid coalescence, drainage, re-entrainment and distribution of 
liquid throughout the filter depth. For example, a more rigorous method would be to 
take samples of the downstream aerosol for full analysis at regular intervals during 
each loading test. Since, re-entrainment appears to be occurring, the LSP-derived 
penetration data reported here can only be used in qualitative analyses of the 
phenomena in the later stages of loading. Explanations of trends observed in liquid 
particle loading behaviour have been proposed in this thesis. While these explanations 
are plausible, others may be equally valid and should not be ignored. Liquid particle 
loading is a difficult problem to solve and clearly more work is required in this area. 
( c) Close agreement between the solid and liquid loading data sets for the initial region of 
loading is demonstrated. 
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(d) Reproducible and reliable grade penetration data for clean filters and at different 
stages of solid particle loading has been obtained during the current study. The 
technique has been used by other workers in the past (Trottier [1996] and Japuntich 
[1991]), however they used polydisperse fibre fibrous filters in their tests, making it 
difficult to model. The data obtained during the current study can be used to validate 
. grade penetration prediction models .. 
(e) A more stable and controllable monorusperse condensation aerosol generator has been 
designed and constructed. Certain modifications to the original design improved the 
stability of the generator and enhanced its performance significantly. Monodisperse 
aerosols of sizes in the range of 0.4 to 3 IlJIl have been successfully generated, with 
geometric standard deviations lying between 1.06 and 1.11, and aerosol 
concentrations of 1.10 x 1010 to 4.15 X 1010 particles m·3• 
7.1.2 Theory and modelling development 
(a) A simple theory to predict the efficiency raising factor, k', for initial stages ofloading 
has been developed. Reasonable agreement between theoretical predictions and 
experimental values has been obtained. 
(b) A new model has been proposed for the prediction of the clogging point in fibrous 
filter loading with solid particles in the interception regime. Acceptable agreement 
between model predictions and experimental data have been obtained. 
(c) A simple loading model incorporating a capacity for grade penetration predictions at 
various stages of particle load has been developed. Good agreement has been found 
between model predictions and experimental results for solid particle loading 
responses and corresponding grade penetrations. 
7.2 Recommendations for future study 
It is apparent from the current study that further investigations are required in certain areas 
of filter loading. A number of recommendations are proposed below: 
o Extend the solid loading experimental database further using monodisperse aerosols 
and grade penetration tests at different stages of loading to assess higher packing 
densities for similar fibre diameter media investigated in these studies for a range of 
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challenge aerosol sizes. In addition, sub-micron grade penetration tests at different 
stages of loading should be performed using a sub-micron filtration rig; thus 
extending the grade penetration curves to smaller particle sizes. A study of the loading 
response in the diffusional collection regime is also recommended, with grade 
efficiency tests conducted at different stages of loading. Such an apparatus has been 
designed and constructed as part ofthis project. It is briefly described in Appendix 5. 
o Dramatically improve the experimental database for liquid particle loading. Detailed 
experiments should be conducted using monodisperse liquid aerosol particles to study 
all primary effects on loading; i.e. face velocity, fibre diameter, challenge aerosol size, 
and filter packing density. Grade penetration tests should also be performed on these 
filters at different stages of loading for sub-micron or greater sized particles. 
Alternative explanations to those described in this study for liquid loading trends 
should be investigated (e.g.1iquid films could be forming on the downstream face of 
the filter and re-entraiment of particles may be a product of this film). Clearly, more 
detailed investigations into liquid particle loading mechanisms are necessary. A 
different experimental technique than used here might be more appropriate (e.g. 
measurement of the aerosol distribution throughout the depth of the filter). Such 
investigations should be able to generate more accurate data for the purposes of 
developing a model to predict liquid loading behaviour. In the highly loaded 
'coalescence' regime the filter is in a state of dynamic eqUilibrium. Coalescence, 
drainage and perhaps fine aerosol generation by film rupture may all occur. Drainage, 
which must depend on gravity, among other factors, will be such that orientation will 
be important. Rate of drainage and thus loading rate, as well as surface phenomena, 
add further variables. All of these factors render this an extremely difficult problem 
worthy of much further study. 
o Validate and refme the loading model of the current study for solid particle loading 
using experimental data (from existing and recommended studies). The granular bed 
theory reported in this thesis is still very much in its infancy. Further experimental and 
theoretical studies are recommended in order to improve granular bed theory. This 
theory should then be incorporated into the model, hopefully improving its prediction 
capability further. 
o Adapt the loading model to liquid particle loading systems and validate predictions 
obtained using the type of experimental data recommended above. In the first 
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instance, this may require using existing models, where particular parameters are 
modified by collected liquid (ref. Chapter 2). However, development of new theories 
accounting for the various collection mechanisms and effects apparent in liquid 
. loading will be necessary, once a better understanding of loading behaviour has been 
obtained from expansion of the experimental database. 
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Appendix 1 
Al.l Derivation of Eqnation (2.20) 
We recall from Chapter 2 that the filter penetration has been found to be a function of the 
packing density, up filter thickness, hp fibre diameter, dp and a dimensionless efficiency 
term known as the single fibre efficiency, l1,i: 
P=l-E=exp f f si ( 
-4u h 11 ) 
nd f (I - U f ) (2.17) 
where E is the overall filter efficiency. 
Figure AU illustrates the critical trajectories for fine particles in a flow field past a fibre. 
Flow direction 
limiting/ 
trajectories 
~ 
particle 
dr 
Figure AI.I: Critical trajectories for fine particles in aflow field past afibre. 
The single fibre efficiency is defined as the ratio of the distance between two limiting 
streamlines, d" to the diameter of the fibre: 
d, 
l1,i =d 
r 
(AU) 
and is equivalent to the ratio of the volume of gas cleaned by the fibre to the swept 
volume. 
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If we consider a depth, dhr, in a unit cross-sectional area filter, the length of fibre in this 
cross-section is ( a:~f ). The volumetric gas flow rate here is the interstitial velocity of 
the filter, U;, related to the face velocity by Equation (2.3): 
U.= Uo 
, (1- ar) 
So, the volume of gas cleaned in this differential volume is: 
dUo _ 2Tj,;af Uo 
7tre (1- a f ) 
(2.3) 
(A1.2) 
Since U 0 is the total flow rate through this filter element, the fraction of gas cleaned is: 
dUo 2Tj,;a f dh f dC 
Uo = 7trf (l-a f ) -C 
(A 1.3) 
where C is the aerosol particle concentration. Integrating along the depth of the filter: 
.s.. = exJ 2aeh f Tj ,;) (AlA) 
Co ~ 7trf (l-a f ) 
This is equivalent to the filter penetration, and: 
P=I-E (Al.5) 
thus giving Equation (2.20) when (d f = 2rf ) is substituted. 
A1.2 Spreadsheet analysis of raw loading test data 
The light scattering measurement system used to gather aerosol concentration data during 
each filter loading test, upstream and downstream of the test filter, during these studies 
and was described in Chapter 2. The aerosol concentration is a function of the amount of 
light scattered in the light scattering photometer (LSP) units and the filter penetration may 
be calculated from this data after subsequent analysis. In Chapter 3, the experimental 
protocol for loading filters was described and mentioned that pressure drop and LSP data 
was logged during each loading run by data logging software on a PC. The output data 
was stored in the form of an ASCII text file and this was later imported into a spreadsheet 
program (e.g. Microsoft Excel) for analysis. This analysis calculated the following 
parameters: 
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o Average zero and maximum LSP voltage outputs, relating to the upstream and 
downstream aerosol concentrations respectively. This is the baseline data used in 
incremental penetration and mass of aerosol (faced and deposited onto the filter) 
calculations; 
o Average pressure drop values for each baseline calibration test. These values are 
averaged to give the pressure drop of the system without a test filter in-line; 
o Incremental filter penetration values during the loading test; 
o Incremental filter pressure drop values; 
o Incremental mass faced and mass deposited onto the filter; 
o Cumulative mass faced and mass deposited onto the filter. 
AI.2.1 Calibration data calculations 
The LSP units are calibrated at the start and end of each loading test for maximum and 
zero concentration voltage output data. In addition, pressure drop data is measured during 
each of these calibration runs. Each data set is then averaged and a time average for the 
whole test is calculated using the following technique. 
I. take at least two sets of calibration data for both the zero and maximum baseline 
during the test (Le. one at the start and one at the end of each loading run); 
2. calculate the average values, U,,,,,,,,, U,uro, , 6.p""", 6.p,... for each calibration set: 
Upre,max, Upost,max, 6.p""", Upre,zero, Upost,zero, 6.p,.... Note that 6.p""" and 6.Puroshould 
be virtually identical in value; 
3. add the meter correction (discrepancy between digital manometer display output & 
- -
computer logged output) onto 6.pmax and 6.P,cro (normally 2Pa for O-1999Pa range and 
1 Pa on 0-7kPa range); 
4. calculate corrected baseline maximum and zero LSP voltage values (to allow for 
voltage drift during the loading test) using the time averaging method described in 
Table ALL These values will be used in calculating the filter penetration and mass 
faced/deposited onto the filter (described later). 
5. calculate the average baseline pressure drop for all of the calibration tests: 
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(A 1.6) 
Time averaging method for correding LSP baseline outputs 
a) the total contribution of LSP outputs is given by the sum of incremental LSP outputs (U;.,) 
multiplied by the difference between the start and end times (\0 & t,. respectively) of the 
loading test: 
, 
Total Contribution =(t 2• -to)!: U;., 
'0 
b) the partial contribution of LSP outputs given by the area under a curve of cumulative LSP 
outputs versus cumulative time between the start and end times. This is calculated for pre and 
post filter data using Simpson's Rule: 
(
I [U" -U;, ]XU;, +4U;, +2U;, +4U;, +... ) Partial Contribution = _ 2ft ·0 • 0 ' I ' 1 • 1 
3 2n ... +2U·" +4U," + UH , • 2.-2 • 211-1 • 11 
where 2n is the total number of sub-intervals of time increments. 
c) the corrected baselines are then calculated using the following relations for each set of LSP 
data: 
u. = tu. -iT {partial COntribUtiOn) + U. 
l,ataX \ U 1,max, l,ntaX1 \ total contribution t,ntaX1 
u. = tu. -U. {PartialCOntribution)+u. 
I,zero \ U t,zero. l,zero2 \ total contribution l,zerol 
where U,,,,,,, and U,,,,, are the corrected average maximum and zero baseline LSP output 
voltages. U ,OWl, and U , .... , are the maximum average LSP outputs for calibration tests 1 
and 2 respectively, and U ;'''''' and U ;'''''' are the corresponding zero average LSP outputs. 
Table AI.I: Time averaging methodforcorrecting LSP baseline data. 
Al.2.2 Calculation of the filter penetration from LSP data 
We recall from Chapter 1 that the filter penetration is a function of the inlet and outlet 
aerosol concentrations, Cm and Co .. respectively (Equation (1.9»: 
P = Cool 
Cin 
(1.9) 
The upstream and downstream LSP voltage signals at time t, U,..(t) and Upoit) 
respectively, are a function of the inlet and outlet aerosol concentrations as follows: 
(AI.7) 
Upo.{t) = cr .... Co"' + U ..... "" (AI.8) 
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where (Jp", is the gradient of the line connecting (Czero. U .... ""') and (Cmax, U .... _), 
shown in Figure 1.1 0, and is given by: 
U ",e.""" - U ..... "'" 
C""" -0 
(A 1.9) 
Similarly, for the downstream LSP, the corresponding expression for (J ... , is given by: 
Upo" ..... - Upo •. wo 
Cmax -0 
(Jpo. 
(A 1.1 0) 
Rearranging Equations (AI.I) and (At.2) in tenns ofCin and COUI respectively give: 
C .. =_t (Up,,(t)- Up".",.) 
(Jp" 
(A1.1t) 
(A 1.12) 
Substituting for C .. and C ... into Equation (1.9), and for (Jp" and (Jpo'" from Equations 
(A1.1t), (A1.12), (AI.9) and (A1.10) respectively, we get a fmal expression for the 
penetration, P: 
(A1.13) 
where Z is a constant evaluated from the baseline calibration LSP voltages (at maximum 
and zero aerosol concentrations) and is given by: 
X Z=-
Y 
where X = Up".""" - Up ... =<> and Y = U po".max - U post."" • 
A1.2.3 Calculation of mass faced and mass deposit per unit filter area 
(A 1.14) 
In each loading test, the filter is weighed at the start and end of the test. The mass 
deposited onto the filter is therefore the difference between these two values. The 
following calculation technique is used to calculate the incremental mass faced and 
deposited onto the filter: 
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1) calculate the experimental mass deposited, ~ (g) from the difference between the 
loaded filter mass, Mr.load, and the clean filter mass, Mr.o: 
t.M = M r•load - M r•o 
2) calculate the incremental penetration, Pi. using Equations (A1.14) and (A1.15) 
3) calculate the incremental overall collection efficiency, Ei: 
E; =l-P; 
4) estimate the total mass of particles faced onto the filter, mr.ced 
5) calculate the incremental values of U .... t - U ........ 
6) calculate fLSP (in g Vi), defmed as follows: 
mr..:.d 
7) calculate the incremental values of the total mass faced (g), mraced.i, using: 
mrO<ed.; = fLSP * (Up ... t - U .... """) 
8) calculate the incremental mass deposited per unit area (g.m-2), M.tep.i. using: 
mfacediEi M.= . 
-.... A 
r 
where Ar is the faced cross-sectional area of the filter, m2• 
9) calculate the total mass deposited on the filter, Illdep, using: 
10)ifllldep;t~, re-estimate mraced (step (4» untilllldep =~. 
(A1.15) 
(A1.16) 
(A1.17) 
(A1.18) 
(A1.19) 
(AI.20) . 
Note that when set up in a spreadsheet, steps (4) to (9) will be looped, so the convergence 
step (step (10» will only take a short time. In Microsoft Excel, this can be done using the 
"Goal Seek" tool, using Illdep as the fixed variable, mraced as the changed variable, and t.M 
as the goal value; shown in Figure A 1.2 below. 
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Figure A 1.2: Example spreadslleel Oil/pilI iIIuslralillg Goal Seek facility used ill III e com'ergellce 
calclllOliolls discussed abol'e. 
A 1.3 Graphical method of calculating the dg and a g 
The theoretical method of calculating the geometrical particle diameter and geometri ca l 
standard deviation of an aerosol was described in Chapter 2 by Equation (2.4) . The 
following graphica l method may be used as an al ternati ve technique of determining these 
parameters: 
o Calculate the cumulati ve number undersize for each particle size grade measured by 
the particle sizing instrument; 
o Plot cumulative number undersize ve rsus mean particle size for the di stribution on 
log-probabi lity - log graph paper. Alternatively, use a spreadsheet application (e.g. 
Microsoft Excel) to plot these parameters on linear-log axes, as shown in Figure 
A 1.3; 
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o Draw a straight line through the linear portion of the curve. In Microsoft Exce l, a 
logarithmic curve fit can be app lied instead, where data points lying outside the linear 
portion are removed from the plot to obtain the best fit (rer. Figure A 1.3); 
o Determine the mean particle size for cumu lative number undersize percentages of 
50% and 67% - dso and d67 respectively. dso represents the mean particle size for the 
distribution and d67 is the geometrical particle diameter (dg) . The geometrical standard 
deviation (og) is given by the ra ti o of ( d /{') . dso and d67 can be determ ined from 
the log fit technique using: d ,o =expeO~-b) andd 67 =exp(67~-b) where the 
log fit is given by y = aLn{x)+ b (y is cumu lative number undersize (%) and x is 
mean parti cle diameter for each size grade). 
100% 
::!': e 90% ~ 
'" N 80% -.;; 
.... 
., 
"0 
c 
70% 
= 60% -
.... 
" .:>
, 50% E 
= 40% c 
., 
;. 30% -
',c 
.,.; 
20% _ 
= E 
= 10% U 
0% 
0.1 
y ~ 2.0992Ln(x) + 0. 1435 
R' ~ 0.9976 
) 
mea n particle dia meter (I1m) 
~origin a l data 
• portion of original data lI sed for log fit 
--log. (portion of original data used for log fit ) 
! 
I 
10 
Figure AI.3: Example of rh e graphical method 0/ dete,.millillg dg alld ag ./01' a ste{lric acid aerosol 
gell erared in th e Cl/ITellf s flldy . CUlllulative /lumber ulldersize (%) verSI/S mean particle diamerer./or each 
s ize grade is plolTed and a log j it applied to th e linear portioll q/ 'h e ra w data. Values 0/ dF. al/d ag 
determil1ed il/ this case were 1. 29 alld I.OB respeclive()I. 
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AI.4 Calculation of actual particle number concentrations for diluted samples 
Where high aerosol concentrations result in a high probability of coincidence in particle 
counts in the LasX and Aerosizer, it is necessary to dilute the aerosol sample to be 
measured with clean dry air. A 5-litre conical flask is firstly filled with clean dry air, 
ensuring that the flask is fully purged of residual aerosol particles first by allowing air to 
flow through the vessel for a few seconds. The pre or post filter aerosol sample is then 
taken for a timed time period, for example 5 seconds. A rotameter can be easily placed 
onto the end ofthe pre/post filter sampling line in order to measure the respective flowrate 
of aerosol leaving each port. With this information, we can now calculate the actual 
particle number concentration being loaded onto or being filtered by the test filter. 
Assuming perfect mixing and steady state conditions, a mass balance across the conical 
flask on addition of the aerosol sample is as follows: 
(Al.21) 
where Qair is the volumetric flowrate of clean air, Cair is the clean air particle number 
concentration, Q, is the volumetric flowrate of the aerosol sample as measured by the 
rotameter, Cs is the sample particle number concentration, Qmix is the volumetric flowrate 
of the resultant mixture, Cmix is the measured particle number concentration for each size 
grade, Qxs is the volumetric flowrate of the resultant mixture leaving the vessel, and Cxs is 
the corresponding particle number concentration. 
By multiplying (Al.2I) by unit time, we can rewrite (Al.21) in terms of volumes, hence: 
(Al.22) 
Also, as we have assumed perfect mixing, Yair = Vmix '" V flask = 5000 cm3, Cx, = Cnux, and 
V"" = Vs = Qs ts , where ts is the sampling period, thus: 
(Al.23) 
Rearranging (Al.23) in terms of Cs, the desired concentration to be calculated, we get: 
C = [(V,. + V, )cm;,. - V,.C,.] 
• V 
• 
(Al.24) 
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Appendix 2 
A2.1 Photogr a phs of the so lid-particle filtrati on ri g 
Several photographs o f the so lid part icle fi ltrati on rig (ref. Figure 3. 19) are shown in 
Figures A2. 1 to A2A. 
... 
Q) 
Qj ~ E 
"'0 
.- c::: 0", 
E 
LasX 
Aerosizer --", 
PC (data 
logging) 
Figure A 2.1 : Photograph of thefrollt side q{ the solid-particle jiltrmioll rig showing prillcipal/y tile - LasX 
Aerosizer (ill lar cabillet). t/ig iwl mallometer, alld Ihe LSP/pressure drop dma loggi"g PC (ill Il e{U'est 
cabiner). 
(a) measurement screen (b) Aerosizer mon itor output 
Figure A2.2: Views q{the LSP/pressure drop data logging PC and Aerosizer PC II/On;IOl' OlllplllS. 
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Q. 
E 
co 
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(a) above the test fi lter 
(c) test fi lter holder 
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(b) below the test fi lter 
(d) discs and ru bber spacers/gaskets 
Figure A2.3: Photographs o! the ./i1fratioll section showing: (a) pre./itrer secrioll - "pslrealll LSP, sClfllpler 
amI lesl filter holder respectively: (b) pos1.filrer sectioll - lower part o.l./iller holder. alld dOll'llstrealll 
salllpler allt! LSP: (e) lesl Jilter holder: and (d) discs alld spaeers used ill lests 10 obraill {"'tlerelll face 
velocities alld Jitter packing densiTies (reI lest /i ller holder 1Il0fllages sho\\'II ill Figure 3. 12). 
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~ 
.;! 
l! 
.. 
Q.~ E .. 
.. = !g 
.. c: 
> 0 
o " 
.. 
" ~
E 
.r 
Condenser Nuclei/N, stream in 
(a) preheater, furnace, reheater & condenser (b) bubbler glassware 
Figure A2.4: Photographs 0/ the preheater, jiml(lce. bubbler g lassll'Ore. reheater (lIul condenser of fh e 
reconstructed IMAGE. 
A2.2 Design of the constant output atomiser 
Figure A2.5 and A2.6 show a cross-sectional and top-view CAD drawings of the constant 
output atomiser designed and constructed for these studies. The design is based in the TSI 
unit shown in Figure 1.3. Slight modifications were made to the TSI design to allow for 
easier cleaning. Figure A2.7 shows a photograph of the fabricated unit connected to the 
reservoir bottl e (in recirculating mode) contain ing an aqueous solution of sodium ch loride 
for seed generat ion in the IMAGE. 
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Drawn to .. 1t 
All cQrMfM;ioM .hown In incite. 
Holes 
AI po"'''' be fab"",,1o<f1n "aln __ . 
1/4- lIWagelok 110" fittings to be lupphed on gM .upply InSet, eXQess liquid outlet, and utoSOl outlet ports (see 
......... ic with drowlng n'1). 
40cm oll.Smm I.d p\a$tlc tubing 10 be supplied Oft !quid leod InIoI port ( ... _tic w.h drawing "I), 
"...ib~ _ adapter attached (to be specified late~ .... oonnecolona'" IYnnge pump. 
0.0135' (0.343 mm) orifice. n'110 drtl holo, usad .. the oompnmed supply gas orIIlC:e (supplad 0 35 psI). 
1/16' (1.59 mm) dlamet .. holo usad I. supply the solution 01 ........ '" be g_aIod. 
Loughborough University Of Technology 
Department of Chemical Engineering Drawing by: K_ L Scurrah 
D<awIng Name: Atomiser Assembly - cros ... ectlonal view 
Dalo: 2016195 
Scale: 1:1 
Figure A2.5: Cross-sectional CAD drawing of the constant oUlput atomiser designed & constructed for 
these studies. 
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• I 
0.0135' (No. 80 drill 
+hole) on 3/8- diameter 
d~c. 1132' 'hick 
\ I .... t .......  \. 
.L--.. ~,'=-=:=i::1-~ 
+ I' + 112' +3/8' +1/4' 
-,--
1/16' 'h ick '0 ' ring/ 
/ 
/ 
P" 
- I 
+1 I • 
"l' , , 
37\ t · , 
,-
I 
+1 ' I 1/ 8' 
I , 
View from top dOWllwudJ 
Figure A2.6: Top view CAD drOlI·illg of the COllstalll OllfPIlt atomiser designed & constructed ./or these 
s flldies. 
Aerosol out 
t 
atomiser 
Excess liqui'c l__ ~" 
return tube 
reservoir 
......-- Gas in 
Liquid feed capillary 
tube to atomiser 
Figure A2'?: Photograph of the constructed cOl/stall1 Ollfput atomiser connected if! recircll/aril1g mode. 
A2.3 Enla rged Wright nebuli ser 
Figure A2.8 shows a CA D drawing of Ihe modificalions made to an ex isting nebuliser to 
accommodate a Wright nebuli ser nozz le assembly (ref. Figure 3, 12). The nozzle assembly 
was simply pushed into Ihe old nebuliser nozzle housing. A Wright nebuli ser head from a 
standard size unit (Iypica lly about 3 inches by I inches in size) was then screwed onto Ihe 
end of the new nozzle, In addition, a longer liquid feed tube was inserted in to Wright 
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nebul iser head to accommodate the extra length requ ired due to the increased reservoir 
depth. 
Longitudinal vi_ 
showing dlmenslona 
) 
-1--
12.88 mm 
i.d. '0 ring 
3D croa.sectional view 
ahowlng order "'assembly 
rod slips in in 
this direction 
I-
J 
<.U_-_~I O.74 Thread = 5/16' UNF 
1 2 .88~-
~Perspex 
Dimensions are shown in mm 
existing assembly screws 
onto bot1om 01 rod 
Eldsting 
baHle 
assembly 
Loughbo,ough University 01 Technology 
Department 01 Chemical Engln_lng "'_ by: K. L Scurrah 
Date: 1M6 
Scale: 1:1 
~8Wing Name: W,lght Nebullaer - Nozzle lor la'ger ,_vol, Drawing N": 1 
Figure A2.8: Cross-sectional CAD drawing of the Wright nebuliser nozzle attachment f or the larger 
reservoir, designed & constructed for these sllldies. 
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Al.4 Physical characteristics of Bekaert Bekipor® ST 3AL3 and ST lOAL3 
fibrous filter media 
Figure Al.9 shows photographed cross-sections through each type of ST media listed in 
Table 3.7. Samples were set in low viscosity resin, sectioned, polished and photographed 
by the SEM. The photographs obtained were subsequently analysed using VisilogTl' 
software to calculate for each layer: fibre diameter, layer thickness and packing density. 
(a) ST3AL3 
;EH- 20.0 "f.'l t1~. 23 ~ PHjTO" 'J 
zco ~~-------t 
• w,,. .. :. ...... c .. 
.. '0- , ... . ,.~ 
, ... ..... t·· 
'" ...... ~, . ..-:....... ."--
.. ,,\ .- .... • ••• ··.'""1~ .. 
••• L. ••• \ •• ",., 
.... ... • &-.: -Ill'" 'PJ~' \-~~ :t ...... '~~.~~:; 
· ' .... "~'a h '~"";'" -tI..... . J.. ........... '1~ 
• .1 • , ...... ,' of.:' • "'I .. 
•• •• ' .. c.~.~ t .~, "'.,':J' : .. , •...... f.~~~\., 
t .: I I .. I(.~·-i) 
.., .. • tj •• _'" '~'t'1!' .! 
• ,~. fr_ W too·.. t"' .. " I. ... ...... ~ • __ :_ Ill) 
.' '.. r. tlJ '1'" .'~ I':'!j ~l:'':,..: I~~'~"" ":.. ...... . ""....-~t ~ .. ~ ..... =--1. -:.~ ... 
(b) ST IOAL3 
Figure A2.9: Cross-sectional SEM photographs of Bekaert Bekipor@ multi-layer stainless steel fibrous 
filters: (a) ST 3AL3 and (b) ST IOAL3. 
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Visilog™ analysis of the photographs shown in Figure A3.9 yielded the data listed in 
Table A2.! for fibre diameter (dr), depth (hr), and packing density (ar). 
Bekaert Bekipor® ST media dr{Jun) brQ.lm) tXc(-) 
ST3AL3 Layer 1: 4 166 0.41 
Layer 2: 2 . 323 
. 
0.42 
SIlO AL3 Layer 1: 8 242 0.24 
Layer 2: 4 84 0.20 
Table A2.1: Summary of Visilog'" analysis results for physical characterisation of Bekaert Bekipor@ST 
3AL3 and ST J OAL3 fibrous filter media. 
A2.S Clean filter grade penetration data 
Clean filter grade penetration data shown in Figures 3.28 to 3.34 is listed in Tables A2.2 
to A2.6. Arithmetic standard deviations (cr.,p) data are also listed in Tables A2.2 to A2.6 
for each data set. We can see from these tables that cra,p values typically fell below an 
acceptable threshold of ±5% for each particle size/grade. 
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0.11 0.15 0.13 59.1% 0.9% 75.5% 4.6% 56.0% 63.9% 2.8% 69.5% 3.9% 
0.15 0.2 0.175 59.0% 2.8% 75.3% 2.2% 58.6% 2.5% 64.2% 3.8% 69.3% 4.2% 
0.2 0.25 0.225 57.8% 3.9% 73.5% 2.2% 58.8% 3.2% 63.1% 4.5% 68.2% 4.4% 
0.25 0.3 0.275 56.9% 3.7% 70.5% 2.6% 58.2% 2.5% 62.2% 4.3% 66.6% 3.1% 
0.3 0.4 0.35 55.5% 3.9% 66.9% 2.9% 56.7% 2.6% 59.8% 3.5% 64.2% 4.0% 
0.4 0.5 0.45 51.3% 3.3% 59.4% 2.8% 52.9% 2.8% 54.7% 2.5% 58.7% 2.9% 
tu 0.5 0.65 0.575 45.7% 2.5% 50.6% 3.9% 45.3% 4.0% 48.4% 2.4% 50.7% 2.8% ~ 
0 0.65 0.8 0.725 37.6% 3.8% 38.3% 2.9% 38.9% 3.7% 39.8% 3.1% 40.4% 3.1% i! 0 5' 0.8 1 0.9 30.8% 4.0% 29.4% 3.8% 32.4% 3.3% 32.7% 3.2% 31.8% 3.8% 
" 1 1.25 1.125 24.4% 4.2% 22.2% 3.9% 26.3% 2.4% 26.2% 3.5% 24.6% 3.3% ~ 
1.25 1.5 1.375 17.9% 4.2% 15.2% 2.3% 20.9% 2.3% 19.0% 4.4% 17.5% 2.0% '" c 
1.5 2 1.75 12.6% 3.3% 9.5% 2.4% 15.5% 3.2% 13.6% 4.5% 11.3% 1.9% ~ 
'" 2 2.5 2.25 7.6% 2.3% 4.7% 3.3% 11.5% 2.7% 9.0% 3.9% 6.4% 3.1% " "-
2.5 3 2.75 5.3% 2.9% 2.8% 2.8% 8.8% 3.4% 6.4% 3.9% 4.0% 3.0% f more 3 ;;: 
Il 
Table A2.2: Grade penetration (P."m,J and the corresponding arithmetic standard deviation (O'~~ for supplied Bekaert Bekipor@ WB 1.5/150 and WO 2/150 fibrous filter ~ 
c 
-media at various face velocities. ." 
'" :t fi' ~ 
:!.. ~ ~ 
~ 
'" 
0.11 0.15 0.13 81.3% 1.2% 86.0% 1.6% 89.9% 1.9"10 93.5% 0.6% 95.0% 1.7% 
0.15 0.2 0.175 83.3% 1.5% 86.9"10 2.5% 90.8% 1.7% 95.9% 1.7% 96.8% 2.2% 99.8% 1.2% 
0.2 0.25 0.225 85.3% 1.4% 87.6% 2.7% 91.1% 0.9"10 98.2% 0.3% 97.7% 1.6% 99.8% 0.8% 
0.25 0.3 0.275 85.2% 1.6% 87.5% 2.8% 91.4% 1.S% 98.3% 1.6% 99.0% 2.4% 99.8% 1.6% 
0.3 0.4 0.35 84.9% 2.1% 88.1% 2.0% 90.9% 1.7% 97.8% 2.2% 97.5% 1.5% 99.3% 2.4% 
0.4 0.5 0.45 83.0% 1.8% 86.2% 3.1% 89.6% 0.8% 96.9% 1.7% 97.1% 1.5% 99.0% 1.2% 
0.5 0.65 0.575 80.2% 2.8% 85.4% 3.2% 87.1% 1.0% 95.4% 2.2% 95.5% 2.5% 98.5% 1.0% 
0.65 0.8 0.725 75.7% 3.1% 82.3% 2.7% 83.8% 3.0% 93.4% 2.4% 93.7% 2.7% 98.3% 0.3% 
w 0.8 1 0.9 71.1% 3.5% 78.8% 3.5% 81.1% 2.7% 90.3% 2.6% 92.3% 1.8% 96.8% 1.3% 0 
-
1 1.25 1.125 65.7% 1.6% 73.6% 3.3% 76.7% 6.1% 87.4% 2.3% 89.7% 2.0% 93.4% 0.9% 
1.25 1.5 1.375 60.0% 2.4% 67.9% 3.4% 72.9% 4.9% 84.0% 2.3% 86.3% 2.5% 90.7% 1.5% 
1.5 2 1.75 51.9% 2.1% 61.0% 2.7% 66.9% 2.8% 78.6% 1.0% 82.9"10 2.1% 86.1% 0.7% 
2 2.5 2.25 . 43.2% 2.3% 52.6% 2.2% 59.4% 3.3% 71.1% 1.1% 77.0% 3.5% 81.1% 1.0% 
2.5 3 2.75 35.7% 2.4% 45.4% 3.6% 53.2% 3.0% 65.4% 2.5% 70.9% 0.8% 75.8% 0.4% 
3 
Table A2.3: Grade penetration (Paw""J and the co"esponding arithmetic standard deviation (o-a . J for supplied Bekaert Bekipor@ WB 4/150 and WB 8/300 fibrous filter 
media at various face velocities. 
0.11 0.15 0.13 98.0010 2.7% 98.1% 1.7% 3.8% 1.3% 3.6% 0.4% 58.8% 5.7% 67.6% 2.5% 71.0% 2.6% 
0.15 0.2 0.175 99.1% 3.0% 99.4% 1.2% 3.1% 1.0% 2.9% 0.3% 59.3% 5.2% 69.8% 6.1% 71.4% 2.3% 
0.2 0.25 0.225 99.5% 3.5% 99.8% 1.1% 2.2% 0.8% 1.9% 0.2% 58.1% 5,6% 68.8% 7.7% 68.7% 3.1% 
0.25 0.3 0.275 98.4% 3.1% 99.5% 0.9% 1.4% 0.5% 1.2% 0.2% 56.5% 5.4% 66.0'/0 6.5% 66.4% 4.3% 
0.3 0.4 0.35 99.4% 2.2% 99.5% 1.0010 0.7% 0.5% 0.6% 0.1% 54.1% 5.6% 60.9% 5.7% 61.4% 3.2% 
0.4 0.5 0.45 99.1% 1.1% 99.8% 0.9% 0.3% 0.4% 0.2% 0.1% 48.9010 4.6% 53.2% 3.6% 53.4% 3.6% 
0.5 0.65 0.575 99.2% 2.6% 99.3% 1.0% 0.2% 0.2% 0.1% 0.0% 41.2% 4.1% 44.9% 6.0% 41.7% 4.0% 
0.65 0.8 0.725 98.2% 1.7% 98.3% 2.0% 0.1% 0.1% 0,0% 0.0010 32.2% 3.2% 32.1% 4.2% 27.3% 4.1% 
0.8 1 0.9 97.4% 1.9% 97.7% 1.9% 0.0% 0.0% Q,OOIo 0,0010 24,8% 4.2% 23.5% 4.7% 17.7% 4.2% 
..., 1 1.25 1.125 96.5% 1.6% 96.9% 2.4% 0.0% 0.0% Q,OOIo 0.0% 17.8% 4.3% 15.3% 3.3% 9.6% 1.2% 
0 1.25 1.5 1.375 95.6% 1.1% 95.0% 2.1% 0.0% 0.0% 0.0% 0.0% 12.8% 4.2% 9.5% 1.6% 5.6% 1.9% 
N 1.5 2 1.75 93,']010 0,8% 93,5% 2.4% 0,0% 0,0% 0,0010 0,0010 7,9% 2,4% 4,']010 1.1% 2.3% 0.6% 
2 2.5 2.25 91.6% 3.1% 89,9% 3.8% 0,0% 0.0% 0.0% 0.0% 4.5% 2.3% 2.4% 2.6% 0,8% 0.8% 
2.5 3 2.75 89,7% 4.4% 87.0% 3.8% 0.0010 0.0% 0.0010 0.0% 2.7% 2.3% 0.0010 0.0% 0.0010 0.0% 
3 
Table A2A: Grade penetration (P"" • .,J and the corresponding arithmetic standard deviation ((7a.~ for supplied Bekaert Bekipor@ WB 121300, ST 3AL3 and ST IOAL3 
fibrous filter media at various face velocities. 
w 
o 
w 
. 
Media WB 2/150 WB 4/150 WB 8/300 WB 12/300 Melty 
Lower Size Upper Size Meand. p.verap (f,,, p.ytrap a.,p p.ven1t a.,. p.veraae (f,,, p.veraae (fa .. 
(IIm) (IIm) (IIm) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 
0.09 0.11 0.1 66.1% 1.7% 81.6% 1.7% 85.9% 4.0% 97.2% 4.6% 95.5% 0.3% 
0.11 0.15 0.13 65.7% 1.4% 83.5% 1.5% 88.2% 3.9% 97.4% 4.1% 97.4% 0.8% 
0.15 0.2 0.175 64.4% 1.6% 85.2% 1.1% 89.9% 3.7% 97.5% 4.0% 98.9% 0.6% 
0.2 0.25 0.225 62.1% 1.6% 87.0% 0.2% 90.4% 3.5% 97.7% 4.8% 99.6% 1.1% 
0.25 0.3 0.275 59.0% 1.6% 88.1% 0.9% 91.1% 3.1% 97.6% 4.7% 99.6% 1.7% 
0.3 0.4 0.35 54.0% 1.8% 88.4% 1.5% 91.6% 3.1% 97.8% 4.5% 99.8% 0.6% 
0.4 0.5 0.45 44.4% 1.6% 88.4% 0.9% 91.1% 3.4% 97.9% 5.6% 99.3% 0.9% 
0.5 0.65 0.575 32.6% 2.5% 85.8% 1.1% 89.2% 3.8% 95.9% 3.8% 99.2% 1.2% 
0.65 0.8 0.725 22.4% 1.6% 82.3% 1.1% 87.1% 3.9% 94.4% 7.1% 99.0% 0.6% 
0.8 1 0.9 15.5% 1.4% 75.3% 0.7% 84.5% 3.8% 91.2% 8.0% 98.7% 0.7% 
1 1.25 1.125 10.0% 0.7% 68.5% 0.8% 80.3% 4.7% 87.0% 8.0% 97.8% 0.9% 
1.25 1.5 1.375 6.4% 1.5% 62.8% 0.1% 75.6% 4.0% 82.4% 9.6% 95.6% 2.6% 
1.5 2 1.75 3.4% 3.7% 54.1% 0.9% 69.0% 4.3% 78.8% 8.9% 91.8% 3.5% 
2 2.5 2.25 1.9% 3.1% 45.4% 0.7% 61.6% 3.4% 72.3% 9.4% 86.8% 3.5% 
2.5 3 2.75 1.1% 1.5% 36.8% 0.4% . 54.3% 6.2% 66.4% 14.0% 81.2% 4.4% 
3 more 3 
Table A2.5: Grade penetration (P .... ~gJ and the corresponding arithmetic standard deviation (u.-J for 1.9% packing density Bekaert Bekipor@ WB media and Melty fibrous 
filters at 0.10 m S·l face veloCity. 
w 
0 
.j:>. 
Melty 9.3% 
0.10 
Lower Size Upper Siz Meand. pav•nae cr ... Paveraae cr ... p.verlae a.,p 
(Ilm) (Ilm) CIlm) (%) (%) (%) (%) (%) (%) 
0.09 0.11 0.1 95.5% 0.3% 97.9% 3.5% 95.8% 1.5% 
0.11 0.15 0.13 97.4% 0.8% 99.0% 3.2% 97.1% 1.2% 
0.15 0.2 0.175 98.9% 0.6% 99.9% 2.7% 98.7% 1.2% 
0.2 0.25 0.225 99.6% 1.1% 99.8% 1.7% 99.6% 1.0% 
0.25 0.3 0.275 99.6% 1.7% 99.9% 1.0% 99.8% 1.2% 
0.3 0.4 0.35 99.8% 0.6% 99.8% 1.7% 99.9% 1.6% 
0.4 0.5 0.45 99.3% 0.9% 99.4% 1.8% 99.5% 1.7% 
0.5 0.65 0.575 99.2% 1.2% 99.3% 4.6% 99.7% 1.7% 
0.65 0.8 0.725 99.0% 0.6% 99.1% 4.0% 99.0% 3.3% 
0.8 1 0.9 98.7% 0.7% 98.2% 8.3% 97.8% 4.0% 
1 1.25 1.125 97.8% 0.9% 97.5% 10.7% 96.3% 3.3% 
1.25 1.5 1.375 95.6% 2.6% 96.2% 9.0% 93.9% 5.1% 
1.5 2 1.75 91.8% 3.5% 94.2% 19.2% 90.3% 6.4% 
2 2.5 2.25 86.8% 3.5% 91.4% 16.5% 84.7% 10.0% 
2.5 3 2.75 81.2% 4.4% 89.3% 16.4% 79.2% 11.7% 
3 more 3 
Table A2.6: Grade penetration (P.~rogJ and the corresponding arithmetic standard deviation (O' •• ~ for 1.9 and 9.3% packing density Melty fibrous filters at various face 
velocities. 
Filtration of solid and liquid aerosol particles -Appendix 3 
Appendix 3 
A3.1 Sample to sample reproducibility tests 
Al.1.1 Loading tests 
A number of samples of filter media were tested for sample to sample reproducibility 
loading behaviour. This section describes additional data obtained during these tests for 
. two types of filter media listed in Table 3.8 intended to supplement the data already 
reported in Chapter 4. Table A3.1 summarises the additional filter media loading tests 
conducted for reproducibility. Figures A3.1 and A3.2 show pressure drop versus mass 
deposited and penetration versus mass deposited plots for these tests. 
Sample No. a,(%) U,(m $-') dP,(pa) d.(lUD) a (-) N x 10'IO (p m") 
l!l 2 1.4 1.06 1.08 1.10 
... 3 1.2 0.10 1.3 1.07 1.08 1.08 
'" 0:= 4 1.5 1.06 1.08 1.11 ~ 5 1.2 0.20 2.6 1.06 1.08 1.43 6 2.4 1.06 1.08 1.84 
WB 5 1.9 0.10 61.8 1.43 1.09 4.04 
2/150 10 61.4 1.45 1.10 3.60 
Table A3.I: Summary of sample to sample reproducibility assessment - solid-particle loading tests 
conducted on selected fibrous filter media. 
In Figure A3.l, it is apparent that face velocity has only a small effect on the loading 
response. Fibres in this media are large and the packing density is very low, so that the 
media is very open in structure and generates little resistance to gas flow through it. An 
increase in face velocity normally results in an increase in inertial effects, however 
because of its highly open structure these effects are very small for this particular media 
so that only a small difference in behaviour is observed. The face velocity effect on 
loading behaviour is discussed in more detail later in Chapter 4. 
Generally, data reproducibility is satisfactory for all of the filters tested, after considering 
the effects of slight variances in loading particle diameters and sample to sample 
variability. The loading responses shown are consistent in shape to those previously 
reported. 
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200 
lOO -
Mass deposited (g m-') 
-+- sarllllc 2: Uo = 0. 1 mfs 
.6.~ sarlll lc 4: Uo = 0. 1 nys 
- sal11l le 6: Uo = 0.2 m's 
sa"1'lc 3: Uo = 0.1 nvs 
<> sa"1'1c 5: Uo = 0.2 n-vs 
(a) pressure drop versus mass deposited 
10.0'10 
1.0% 
o 20 40 60 80 lOO 120 140 
Mass deposited (g n.-') 
-+- sall1' le 2: Uo = 0.1111s 
.6. sal11llc 4: Uo "" 0.1 m's 
- s81ll' ic 6: Uo = 0.2 mls 
D sanl'ie 3: Uo = 0.1 nvs 
<> sa"1'le 5: Uo = 0.2 mfs 
(b) penetration versus mass deposited 
lOO 
Figure All: Reproducibility of pressure drop and penetration characteristics for 1.06 pm stearic acid 
particle loading OIllO 1.2% packing density Melty fibres at 0.10 and 0.20 m s·/. 
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(b) penetralion versus mass deposited 
Figure A3.2: Reproducibility of pressure drop and penetration characteristics for 1.44 11111 stearic acid 
particle loading onto 1.9% packing density Bekaert Bekipor® WB 2/ 150 stainless steel fibrous media at 
0. /0 m S· I . 
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A3.1.2 Grade penetration tests 
Grade penetration tests were conducted at different stages of loading for the media 
loading tests described in Section A3.1.1. Grade penetration data was measured by the 
Aerosizer for 1.2% packing density Melty fibres, shown in Table A3.3 using the same 
nomenclature previously used in Chapter 4. Figure A3.3 shows grade penetration data for 
the 2 ~m media loading tests described previously. 
~ 
~ ~ 
c 
= 
'" ~ <: 
~ 
c 
~ 
... 
IOOJX)% 
~ ~ 
10.00'% 
1.00010 
0.10% 
0.01% 
0.1 
. - S5, clean (6 1.8 Pal 
---+-- SIO, clean (6 1.4 Pal 
'"' r--- N 1"\ 
I' r'o r... '\ 
1\ 1\ 
\, 
1\ 
\  
10 
M ean particle diameter (/lm) 
- ss, partially clogged (1 11.8 Pa) 
---t!r- SIO, clogged (1 40.0 Pal 
Figure A3.3: Penetration versus mean particle diameter at various stages of stearic acid particle loading 
f or 1.9% packil/g del/sily Bekllen Bekipor@ WB 21150 jilter samples 5 and 10. 
As previously observed in Chapter 4, the maximum of each grade penetration curve shifts 
towards the left (i .e. smaller particle sizes) with increasing particle loading. Clearly, as 
more and more particles are collected onto the filter media, its efficiency increases as 
demonstrated in Table A3.3 . The gradual increase in particle-particle collection during 
loading results in a finer pore size distribution that allows fewer and fewer large particles 
to pass through, particularly after a cake has started to develop on the filter surface. 
308 
Sample No. a,(%) D • (um) aPr .• (Po). P,,(%) n., (%) M" (g) Mu ... (g) Mcp (a m·') ap,.,,(Pa) Pcp (%) 
:! 2 338.1 1.4 99.7 0.15 0.2064 0.2872 63.1 91.2 24.1 
... 3 1.2 335.9 1.3 99.7 0.08 0.5000 0.5923 63.0 89.0 30.3 
.0 
&:: 4 338.3 1.5 99.5 0.18 0,4936 0.5605 62,4 98.9 26.3 ~ 
;) 5 1.2 337.9 2.6 99.5 0.13 0.5328 0.6384 61.5 122.3 30.8 ::s 6 339.9 2,4 99.2 0.23 0.5116 0.6111 61.9 119.3 32.6 
WB 2/150 5 1.9 . . 16.1 61.8 7.2 21.0 0.2494 0.2521 Not clogged Not clogged Not clogged 
10 16.1 61.4 6.5 21.9 0.2451 0.2527 7.7 310.8 0.0 
Table A3.2: Summary of clean and loaded filter parameters for the reproducibility tests described in Section 4.1.1. 
Sample U. aPr .• M~. p~. ap~1 Mr.1 Pr.1 ap~, M~, P~, ap~, Mr~ Pr., apr,. M~. Pr,4 
I.H (m 51) ~ 0 No. (po) (g) (%) (pa) (g) (%) (po) (g) (%) (pa) (g) (%) (pa) (g) (%) 
'" ::; 
3 0.10 1.3 0.5000 99.7 2.5 0.5002 97.1 7,4 0.5038 88.7 283.1 ~ gO 
(97.6) (88.6) 
. " ~ 4 0.10 1.5 99.7 6,4 75.5 60.4 ~ 
(76.5) " ~ 
.... 
5 2.6 0.5328 99.5 11.6 74.8 234.0 ~ 
" (95.4) (74.2) ll; ~ 
0.20 3.3 0.5116 99.2 4,4 0.5120 99.3 35.3 0.5193 83.8 341.8 0.5687 21.6 883.7 0.6088 1.4 <l ~ 
-(99.2) (86.2) (31.5) (1,4) ~ 
::t 
Table A3.3: Pressure drop, mass deposited & penetration data for stearic acid particle loading on 1.2% packing density Melty fibres at 0.10 and 0.20 m sI face velocity. 
R' 
'" 
OJ 
Loading aerosol penetration data calculated from Aerosizer·measured filter upstream and downstream particle number concentrations is shown in brackets. Grade ::.. :g 
penetration data is listed for sample 4 used in the packing density loading characteristic assessment (re! Figure 4.15). !l 
.... ~. 
"" 
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A3.2 Grade penetration data for loading tests described in Chapter 4 
Grade penetration data plotted in Chapter 4 and in Section A3.1 is listed in Tables A3.4 to 
A3.9. Also listed in Tables A3.4 to A3.9 for each data set are: 
o Arithmetic standard deviations (CY •• p) of grade penetration data; 
o Filter pressure drop (6.p); 
o Grade penetration data derived penetration values for loading size (P gp)oad dia,); 
o Mass of filter or mass of filter plus dust (M); 
o LSP derived penetration values for loading size (Pload); 
o Loading particle diameter. 
As with the clean filter grade penetration data shown in Appendix 2, virtually all CY" P 
values fell within an acceptable threshold of ±5% or less for each particle size/grade. 
310 
0.11 0.15 0.13 99.0% 93.6% 50.1% 99.0% 41.0% 22.8% 99.0% 96.5% 89.6% 64.0% 97.1% 61.5% 4B% 96.9"" 97.4% 97.3% 
0.15 0.2 0.175 99.4% 93.1% 45.8% 99.5% 39.1% 20.2% 99.9% 95.5% 86.)% 57.5% 98.7% 60.5% 37.0% 98.5% 98.9% 98.5% 
02 0.25 0.22' 99.9% 95.6% 39.7% 99.6% 36.4% 16.1% 99.8% 94.2% 79.9% 47.3% 99.3% 58.6% 28.9% 99.3% 99.6% 99.6% 
0.25 0.3 0.275 100.0% 95,5% 33.3% 99,6% 34,0% 11.7% 99.9% 93.1% 75.4% 38.7% 99.1% 56.7% 22.5% 99.4% 99.6% 99,8% 
0.3 0.' 0,35 99.8"'{' 95,9% 25.5"'{' 99.0% 29.4% .", 99.8% 90.7% 68.3% 26.9% 99.8% 52.4% 14,7% 99.3% 99.8% 99.9% 
0.' OS 0,45 99.7% 95,7% 18.5% 98,9% 23.1% ,2% 99.4% 87.7% 62.2% 16.4% 99.3% 47.3% 8,5% 992% 99.3% 99,2% 
0.' 0.65 0.575 99.3% 94.8% 11.6% 99.5% 15.8% 2.6% 99.3% 84.3% 56.9% 10.5% 99.6% 41.7% 5.0% 99.1% 99.2% 99,0% 
0.65 0.' 0.725 99.1% 92.3% 5.7% 99.1% 10.5% 1.0% 99.1% 80.1% 51.7% 5.7% 97.9% 36.5% 3.1% 99.1% 99.0% 99.;20'{' 
0.' I 0.9 98.7% 89,9"A. 2.9% 98.6% 6.m 0,4% 98.2% 76.1% 46.9% 3.~" 98.8% 28.8% 1.9% 91.4% 98.7% 98.6% 
I . 12' 1.125 98.2% 88.1% 1.5% 98.2% 4.2% 0.0% 97.5% 71.3% 41.6% 2.2% 97.8% 22.7% 1.2% 96.2% 97.8% 97.2% 
1.25 I.S 1.375 96.9% 85.O"Ai 0.1% 96.4% 2.6% O.O"A. 96.2% 66.6% 36.3% 1.4% 95.3% 18.0% 0.8% 95.1% 95.6% 95.8% 
I.' 2 1.75 95.2% 80.6% 0.3% 94.6% 13% 0.0% 94.2% 60.1% 31.3% 0.8% 91.00.4 11.3% 0.5% 91.1% 91.8% 92.0% 
2 2.' 2.25 92.0% 72.9"A. 0.0"10 92.5% 0.5% O.O"A. 91.4% 53.5% 25.8% 0.4% 86.9"10 6.7"10 0.0% 85.6% 86.8% 86.6% 
2'> 3 2.75 88.m 69.;20A. 0.0% 88.6% 0.2% 0.0% 89.3% 48.5% 21.8% 0.3% 81.3% 3.7% 0.0% 81.6% 81.2% 81.4% 
:!l 
lH 
"" 
-
<l 
-
0.11 0.15 0.13 2.4% 2.1% 4.4% 0.8% IS% 1.0% 3.2% 2.6% 22% 1.4% 2.2% 1.9"10 5.1% 2.0",{, 0.8% 1.6% g' 0.15 02 0.175 2.6% 1.3% 4.2% 1.3% 1.9% 1.7% 2.7% 2.8% 2.7% 1.9% 1.70/0 1.1% 5.1% 2.5% 0.6% 1.1% 
0.2 0.25 0.225 3.5% 2.5% 4.7% 0.4% 1.9% 0.~.4 1.1% 2.5% 3.3% 2.9% 0.6% 1.3% '.1% 1.2% 1.1% 1.0".4 ~ 0.25 0.3 0.215 6.5% 2.4% 4.0% 1.4% 2.6% 11% 1.0% 2.6% 3.4% 2.9% 1.6% 1.6% 3.8% 1.6% 1.1% 0.8% ~ 0.3 0.' 0.35 6.2% 2.4% 2.2% 1.4% 2.5% 1.1% I.~A. 4.4% 4.5% 3.0% 1.8% 1.3% 2.7"10 1.8% 0.6% 0.7% ~ 0.' 0.' 0.45 1.1% 21% 2.6% 2.4% 3.3% 0.7% 1.8% 5.5% 3.6% 2.1% 4.8% 3.20/. 4.3% 1.4% 0.9% 1.0% 
0.' 0.65 0.575 0.3% 2.5% 2.7% 4.3% 2.5% 0.2% 4.6% 6.7% 4.4% 2.4% '.9% 3.0% 3.3% 0.8% 1.2% 1.9% § 
0.65 0.' 0.725 0.8% 2.6% 0.2% 0.6% 22% 0.2% '.0% 6.8% 4.0% 1.4% 5.3% 3.9"1. '.0% 2.5% 0.6% 0.5% "-
0.' I 0.9 3.1% 1.8% 1.1% 1.3% 0.9''10 0.8% 8.3% 7.6% 4.2% 1.0% 6.0"10 1.9"A. 2.5% 2.5% 0.7'% 0.7% ~ I 1.25 1.125 '.0% 3.9% 0.9% 1.4% 0.6% 0.0% 10.7% 7.5% 3.8% 1.5% '.1% 5.2% 2.2% 4.ZOI. 0.9% 1.6% 
" 12' IS 1.375 '.9% 6.1% 1.1% 2.1% 0<% 0"% 9.0% 7.4% 6.1% 2.1% 6.6% M% U% 2.2% 2.6% 13% !;:. 
I., 2 1.75 10.3% 8.8% 0.6% 4.3% 1.0"10 0.0"10 19.2% 7.0% 5.5% 1.9% 7.9% 6.4% 1.3% 3.8% 3.5% 4.2% 
" 2 2.' 2.25 13.9% 12.8"10 0.0% 3.6% 11% 0.0% 16.5% 10.5% "% 1.3% 7.9% 1.5% 0.8% 6.4% 3.5% 2.5% ~ 2.' 3 2.75 13.8% 15.5% 0.0% 8.1% 0.6% 0.0% 16.4% 13.1% 6.6% 0.7% 4.3% '.1% 0.5% 2.8% 4.4% 3.2% 
-
'" '.0% 31.5% 2.3% 94.1% 96.4%  98.5% 96.4% :t 
0.2709 0.2403 0.2673 0.2801 0.2568 0.2799 0.2799 ~ 
;;. 
Table A3A: Grade penetration (P ~ro.,J and the corresponding arithmetic standard deviation (17.,p) for 1.9% packing density Melty fibres at 0./0 and 0.20 m SI face velocity :g !l 
(Re! reproducibility data in Figure 4.7 and particle diameter data in Figure 4.14). ~ 
... 
C-__________________________________________________________________________________________________________________________________________________________________ . __ --. --
...., 
-N 
Media M,I lam le36 M,I um le37 M,I Slrn le 38 
filter 100dl status c1eln .rtial .rtlll loaded dean .rHa' utili loaded clean artial uti.1 udal -..2!rtill loaded 
Lower Size Upper Sw Mea. cl, p.- P_- p ...... p- p ..... p ..... p ...... p ....... p .... P ..... p-. p ..... P- p ..... 
(fUD) (fUD) (fUD) (%) ('/e) (%). i%) ('I.) ~") (%1: (%) i%r r!.) (%) ('I.) ('Y.) ---.!y.) 
0.09 0.11 0.1 9'.8% 90.5% 86.7% 26.3% 94.8"AJ 87.6% 81.4% 28.6% 97.0".41 94,5% 89.7% 88.2% 27.0"10 13.7% 
0.1 t O.IS 0.13 97.1% 91.4% 86.5% 25.8% 96.1% 87.1% 81.3% 26.1% 97.5% 95.4% 90.2% 89,7% 25.7% 12.5% 
O.lS 0.2 0.17S 98.7"10 91.1% 86.8% 23.1% 98.3% 86.6% 78.8% 24.8% 98.0% 96.4% 90.1% 90.4% 23.7% 10.4% 
0.2 0.2S 0.22S 99.6% 90.8"At 85.4% 17.4% 98.9"A. 86.0".1. 75.6% 21.5% 98.6% 96.8% 89.3% 90.5% 19./r1l 7.6% 
0.2S 0.3 0.27S 99.8% 90.8% 83.7"10 13.1% 99.8% 86.1% 70.1% 11.3% 99.3% 96.8% 88.3% 89.5% 14.0016 5.4% 
0.3 0.4 0.3S 99.9'~ 90.1% 80.4% 9.2% 99.9% 85.6% 64.5% 8.8% 99.4% 96.9',4 86.1% 88.3% 8.8% 2.5% 
0.4 O.S 0.45 99.'% 87.7% 75.O"AI 6.1% 99.3% 84.8% 57.3% 5.5% 99.7% 96.3% 79.8% 82.3% 5.8% 1.0% 
O.S 0.65 0.575 99.7% 84.9% 68.7% 3.0% 100.1% 82.5% 49.8% 3.7% 99.2% 96.0% 76.2% 78.7% 3.4% 0.4% 
0.65 0.8 0.725 99.0% 82.7% 61.5% 1.2% 99.1% 80.5% 42.1% 1.0% 99.0% 95.9% 72.6% 74.6% 1.7% 0.1% 
0.8 1 0.9 98.8% 80.4% 56.5% 0.3% 98.8% 78.2% 35.0% 0.2% 98.6% 95.8% 70.0% 70.0% 0.8% 0.0-10 
I 1.25 1.125 98.2% 77.7% 50.4% 0.1% 98.3% 76.2% 28.0% 0.1% 98.3% 95.1% 67.3% 66.0% 0.3% 0.0% 
1.25 I.S 1.375 96.8% 72.9% 43.7% 0.0% 96.1% 73.9% 21.7% 0.0% 95.9% 93.7% 62.1% 62.4% 0.1% O.O"~ 
I.S 2 1.75 96.0% 68.2% 34.9% 0.0% 96.1% 69.2% l!i.3% 0.0% 97.5% 93.8% 54.2% 54.6% 0.0% 0.0-10 
2 25 2.25 94.1% 64.2% 27.9% 0.0% 94.3% 63.9% 7.2% 0.0% 94.5'4 91.8% 43.2% 45.6% 0.0% 0.0% 
25 3 2.75 93.2% 54.2% 21.5% 0.0% 92.0% 57.7"1. 2.4% 0.0% 91.,.At 89.3% 36.9% 35.5% 0.0% 0.0".4 
3 more 3 
Lower Size Vpper Sw MelDd., a~ ;'.;;; a~ a .. ;';J a .. a .. a .. a .. a .. a., a .. a .. a .. (fUD) (fUD) (fUD) ,.;;, ('Y,) ,';.1 ,%-, I-&. ...rii.. (-&. ~ ....cil.. ~ ~ ....cil.. 
0.09 0.11 0.1 ISYo 1.3% 3.4% 3.3% 1.9% 6.3% 2.2% 2.1% 3.8% 3.1% Z.I% 3.5% 1.5% 1.7% 
0.11 0.15 0.13 1.2% 1.5% 2.9% 3.9% 1.7% 8.6% 2.3% 1.9-10 3.9% 2.9-1. 2.4% 2.4% 1.2% 1.5% 
0.15 0.2 0.175 1.2% 2.5% 2.7% 4.6% 1.7% 9.9% 1.8% 1.4% 4.1% 2.9% 2.8% 2.4% 1.3% 1.3% 
0.2 0.25 0.225 1.0% 3.6% 2.3% 3.1% 1.8% 10.9% 2.3% 1.8% 4.2% 2.9'~ 3.7% 2.5% 0.8% 1.1% 
0.25 0.3 0.275 1.2% 3.7% 2.4% 2.1% 2.8% 10.5% 2.1% 1.2% 4.6% 2.9% 4.5% 3.1% 0.7% 0.8% 
0.3 0.4 0.3S 1.6% 3.3% 2.5% O.S% 2.4% 9.2% 2.3% 0.2% 4.0% 2.9% 3.7% 3.S% 0.6% 0.4% 
0.4 O.S 0.45 1.7% 4.6% 5.4% 0.7% 2.6% 9.0% 0.9% 0.4% 6.3% 2.9% 3.3% 3.9% 0.3% 0.2% 
O.S 0.65 0.575 1.7% 4.7% 4.o-At 1.4% 2.7% 10.0% 1.7% 0.4% 5.0".41 3.4% 2.4% 4.0% 0.2% 0.2% 
0.65 0.8 0.725 3.3% 4.S% 5.6% 1.8% 1.7% 10.0".4 4.1% 0.1% 2.S% 4.7% 3.3% 2.S% 0.1% 0.3% 
0.8 1 0.9 4.0% 4.8% 6.4% 0.6% 1.8% 10.7"At 4.0-.4 0.6% 3.3% 6.4% 3.4% 2.3% 0.1% 0.1% 
I 1.25 1.125 3.3% 4.6% 4.8% 0.2% 3.6% 10.3% 9.8% 0.2% 4.8% 7.3% 3.9% 2.5% 0.8% 0.0% 
1.25 I.S 1.375 5.1% 4.1'.4 4."'{' 0.1% 6.3% 9.9% 16.8% 0.0% 8.6% 10.0''{' 2.5% 2.6% 0.2% 0.0% 
I.S 2 1.75 6.4% 5.1% 7.1% 0.0% 11.4% 10.4% 22.9% 0.0% 11.9% 21.2% 3.8% 4.2% 0.1% 0.0% 
2 2.S 2.25 10.()% 8.4% 6.7% 0.0% 15.6% 9,9% 12.4% 0.0% 15.4% 18.7% 3.0% 4.8% 0.0% 0.0% 
2.S 3 2.75 1l."1O 8.4% 5.2% 0.0% 11.7% 7.6% 6.4% O,O"AI 18.9% 18.8% 5.4% 3.2% 0.0% 0.0% 
3 
""'"' 
3 
6.p (pa) 3.4 7.8 16.2 156.3 3.4 8.2 26.2 143.S 3.4 4.7 10.4 10.1 113.7 178.4 
P.,,-~.(%} 9S.3% 77.9% 50.8% 0.1% 98.4% 76.8% 30.0% 0.1% 98.4% 95.3% 68.1% 67.2'1. 0.5% 0.0"1. 
MOO 0.3169 0.3178 0.3199 0.3287 0.3107 0.3119 0.3153 0.3207 0.3076 0.3079 0.30SS 0.3086 0.3168 0.3186 
Plood (%) 97.7% 77.2% 52.3% 0.0% 98.7% 76.9% 30.6% 0.0% 98.1% 95.6% 68.3% 66.9% 0.0% 0.0"" 
• m, ame er 1.11 1.06 1.06 
Table A3.5: Grade penetration (P.,,, • .,) and the corresponding arithmetic standard deviation ((j~J for 9.3% packing density Melty fibres at 0.10 m SI face velocity (ref 
Figure 4.8 for reproducibility data). Grade penetration data is listedfor sample 37 used in the packing density loading characteristic assessment (ref Figure 4.15). 
w 
...... 
w 
I Media WB 2/1!!O tample 5 WB 2IIS0 ,ample 10 WB VI!!O lample 3 WB 2/150 .ample 6 
. filter lo.dln status c1e .. loaded deaD loaded dta. 1000ded £leas 
..." ",.1 IGllded Lower Size Upper Slz Me .. d, p ...... p ..... p ..... P_- p- p- p ....... p ...... p~. p ..... 
()un) ()un) ()un) (ot.) i~.f . (~.) (%)- ('I,) (e;.) (%) ('I.f (Y.) (e,'.) 
0.09 0.11 0.1 71.2% 49.0% 73.5% 34.7% 62.6% 31.4% 77.1% 55.7% 29.9% 6.2% 
0.11 O.lS 0.13 71.6% 47.1% 73.0"10 31.3% 64.6% 30.0% 76.7% 53.5% 27.00;. S.2% 
0.15 0.2 0.175 70.2% 42.2% 71.5% 26.3% 66.4% 211% 74.7% 49.1% 22.1% 4.2% 
0.2 025 0.225 68.0% 36.2% 69.0-.-' 21.6% 65.6% 23.J'!I. 71.1% 42.6% 15.5% 3.6% 
0.25 0.3 0.275 64.6% 31.0% 65.6% 14.8% 64.1% 20.0% 67.8% 32.6% 9.0% 2.8% 
0.3 0.4 0.35 55.0",4 22.S% 56.9'10 9.9% 59.8% 151% 58.7% 23.0"11 4.6% U% 
0.4 0.5 O.4S 41.9'10 11.4% 40,4% 4.6% 51.8% 9.4% 44.3% 14.0';' 1.9'10 0.7% 
0.5 O.6S 0.575 30.6% 6.8% 27.2% 2.9% 42.8% 4.4% 32.3% 7.4% 0.9"10 0.3% 
0.65 0.' 0.72S 21.3% 5.2% 18.7-.... ],6% 33.0'.4 1.6% 21.1% 4.3% 0.4% 0.1% 
0.' 1 0.' 14.9% 3.1% 14.1% 0.8:% 24.1% 0.1% 13,4% 2.4% 0.2% 0,1% 
1 12' 1.125 10.6% 1.3% 10,o-A. 0.3% U.3% 0.3% 8.7% 1.1% 0.1% 0,0% 
1.25 1.5 1.375 6.6% 0.2% 6.7% O.O'A. 8,2% 0.1% 5.6% 0.6% 0.0% 0.0% 
l.l 2 1.75 3.9'A. 0.0% 3.3% 0.0% 3,4% O.O'A. 2.8% 0.2% O.o-A. 0,0% 
2 2.5 2.25 0.0% 0.0% 1.1% 0.0% 1,0% 0.0% 1.8% 0.1% 0.0% 0,0% 
2.5 3 2.75 0.0".4 0.0% 0.5% O.O".A. 0.4% 0.0% 0.8% O.O".A. 0.0% 0,0% 
3 rn~. ! 
Lower Sue Upper ~lzj Me .. d, 0 .. 0 .. 0 .. 
:'%i 0 .. 0 .. 0 .. 0 .. 0 .. 0 .. ()un) ()un) ()un) (";) (eM W;) w7) ('M (.i.J.. ~ ..J'i.i.. ..l!!l.. 
0.09 0.11 0.1 7.8% 7.1% 1.8% 9.1% 6.1% 2.1% 1.7% 2.9% 4.4% 2.3% 
0.11 O.IS 0.13 7.6% 6.6% ).4% 9.4% 5.9% 2.3% 12% 0.8% 4.1% 1.3% 
0.15 0.2 0.175 8.0% 6.2% 1.6% 4.8% 5.9% 25% 1.4% 2.1% 2.5% 0.8% 
0.2 0>5 0,225 6.0% 5.8% 1.6% 4,O'At 5.9% 2.4% 21% 3.9%, 1.9% 1.1% 
0>5 0.3 0.275 4.9% 4.9'Ji 1.7% 4.5% 6.1% 1.8:'A. 2.3% l.S% 2.0'.4 0.9'A. 
0.3 '.4 0.35 4,6% 4.2% 1.8% 1.2% 5.7% 2.0% 2.1% 0.7% 0,6% 0.6% 
0.' 0.' 0.45 4,3% 2.6% 1.6% 2.3% 3.2% 1.6% 1.9% 0.6% O.9'At 0.4% 
0.5 0.65 0.575 3.9'.4 2.1% 2.6% 2.2% 2.B-.4 1.4% 1.4% 0.5% 0.5% 0.1% 
0.65 0.' 0,725 1.5% 2.1% 1.7% O.B"A. 2.4% 0.9% 0,8% 0.2% 0.1% 0.1% 
0.' 1 0.' 1.5% 1.4% 1.5% 0.2% 2.0% 0,5% 0.3% 0.2% 01% 0.1% 
1 115 J.l25 O.S-A. 0.5% 0.7% O.2-At 1.6% 0.3% 1.1% 0.2% 0.1% 0.0% 
III 1., 1,375 0,6% 0.6% 1.6% 0.1)% 2.4% 0,3% 2.0% 0.6% 0.1% 0.0% 
1.5 2 1.75 4.:20A. 0.1% 3.S% O.O'A. 0.5% 0.1% 3.2% 05% 0.0'.4 0.()f.4 
2 2.5 2.25 O.O"A. 0.()f.4 3.2% O.O"A. 3.2'04 0.0% ),5% 0.2% 0.0% 0.0% 
2.5 3 2.75 0.0'.4 0.0% 1.S% 0.0% 1.3% O,O"A. 1.5% 0.0% 0.0% O,D-A. 
3 m~. ! 
4p(Pa) 61.8 Ill,S 61.4 140.0 38.1 123.6 70,4 140.2 233,1 280.1 
r ......... (%) 6.2% 0.1% 6.0% O.O'A. n.9% 0.2% 7.2% O.9'Ji 0.1% 0,0% 
MOO 0.2495 0.2514 0.2452 0.2480 0.2405 0.2516 0.2727 0,2753 0.2762 0.2766 
Pl .... (%) 7.:Z-/o 0,0% 6.5% 0.0% 11.9'.4 O.()'/o S.O% 0.9".4 0.0% 0,0% 
" 
.meter 1.43 1.45 1lS 125 
Table A3.6: Grade penetration (P,,,,,,.J and the corresponding arithmetic standard deviation (O"~P) for 1.9% packing density Bekaert Bekipor@WB 2/150 at 0.10 m SI. and 
0.06 and 0.12 m SI face velocity (re/. Figure A3.2 for reproducibility data and Figure 4.12 for face velocity variation test). 
I Media WB 41150 sample 2 WB 41150 lample 3 WB 4/150 umple 4 WB 41150 umple 5 
filter loadin ttatus clelln loaded tlean clelln loaded clella loaded cleII. rtlal Irdal artial loaded 
Lower Size Upper Slz Meaad, p ..... p ..... p ....... p-.... p- p ..... p;;. p.- p ..... P(%), P.- p ..... ()un) ()un) (""') W.j W·) W.j ('I.) (%j W.j (~.) ('"j (%) i~.) 
0.09 0.11 0.1 81.2% 34.5% 80.4% 82.8% 49.9% 82.6% 75.4% 84.2% 70.8% 75.5% 25.1% 7.2% 
0.11 0.15 0.13 82.6% 28.2% 82.4% 84.6% 40.0% 84.0% 73.5% 86.9% 72.0'10 76.0'/0 23.3% 7.1% 
0.15 0.2 0.175 84.2-10 21.2% 84.4% 86.0% 27.2% 85.4% 70.9% 89.8% 73.4% 74.1% 20.4% 6.0% 
0.2 0.25 012.1 85.0% 15.8'10 86.8% 87.1% J7.4% 86.,./0 66.6% 90.1% 74.7'10 70.4% 17.1)% 3.4% 
OlS 0.3 0.275 85.2% 11.8% 87.4% 88.8% 11.9% 87.6% 63.2% 89.6% 74.7% 66.5% 14.1% 2.3% 
0.3 0.4 0.35 84.3% 8.2% 87.3% 89.4% 6.8% 88.4% 56.3% 88.3% 73.8% 61.4% 10.0".40 1.9% 
0.4 O.S 0.45 82.9% 5.1% 87.7% 89.0% 2.3% 87.2% 47.4% 85.2% 71.2% 54.2% 3.9% 0.3% 
O.S 0.65" 0.575 81.4% 2.3% 85.0% 86.6% 1.0% 85.6% 40.0% 81.3% 67.0% 47.1% 2.5% 0.1% 
0.65 0.8 0.725 76.8% 1.1% 81.4% 83.1% 0.3% 82.9% 33.7% 76.4% 62.5~D 39.9% 1.6% 0.1% 
0.8 I 0.' 71.4% 0.3% 75.8% 74.8% 0.1% 78.3% 28.2% 71.4% 57.5~D 32.9% 1.0-10 0.0% 
I 11S 1.125 61.5% 0.1% 69.1% 68.0% 0.0-10 70.5% 22.3% 63.1% 51.8% 26.8'/. 0.6% 0.0% 
11S I.S 1.375 54.2% O.()flo 62.8% 62.8% 0.0"10 62.8% 18.1% 54.3% 43.6% 21.0'/0 0.2% 0.0% 
U 2 1.75 44.1% 0.0% 53.5% 54.7% 0.0'10 53.0% 12.7% 44.3% 34.7% 15.1% 0.1% 0.0% 
2 2.S 2.25 33.9% 0.0% 44.9% 45.9% 0.0'10 41.7% 7.0% 33.2% 26.1% 8.0'10 0.00.40 0.0% 
2.S 3 2.75 26.0% 0.0-.40 37.1% 36.5"D O.O"A. 32.8% 3.2% 24.8% 18.9'A. 2.2% 0.0"10 0.0% 
3 mo<, 3 
Lower Size Upper Siz, Mellnlf, 'y 'y 'y ;;~ 'y ~%i 'y 'y ;'%, ;'%, 'y ' .. ()un) ()un) ()un) (¥;, (Y.) w;, 
"" 
(¥;, (%) (%) (%) 
0.09 0.11 0.1 3.0% 2.0% 1.6% 3.3% 2.7% 2.2% 6.6% 3.6% 4.6% 7.6% 3.2% 0.6% 
0.11 0.15 0.13 2.8% 1.0'10 4.0% 2.8'A 2.3% 3.3% 5.6¥D 3.3% 3.8% 8.6% 2.5% 0.6% 
0.15 0.2 0.175 2.4% 1.50/. 2.7% 3.4% 1.7% 4.0% 5.2% 3.6% 3.1% 9.7% 2.2% 0.6% 
0.2 OlS 0.225 1.8% 1.8% 4.1% 3.0% 2.0% 4.2% 4.4% 3.0% 3.4% 9.7% 2.2% O.WD 
0.25 0.3 0.275 2.4% 0.8% 5.2% 2.9% 1.4% 4.3% 5.3% 2.4% 4.9% 8.9% I.WD 0.5% 
0.3 0.4 0.35 4.3% 0.6% 5.5% 3.0% 0.6% 5.5% 4.7'10 3.9% 5.6% 9.8% 1.9'10 O.W. 
0.4 O.S 0.45 5.1% 0.6% 7.()f1o 2.8% 1.7% 5.8% 5.8'10 3.6% 8.8% 8.3% 1.3% 0.1% 
O.S 0.65 0.575 3.(1'10 0.4% 7.6% 2.8% 1.1% 6.8% 5.8'A 5.0"10 9.3% S.2% 1.4% 0.1% 
0.65 0.8 0.725 5.3% 0.4% 7.8% 3.7% 1.2% 7.1% 3.9'A. 7.9% 8.7% 6.2% 11% 0.1% 
0.8 I 0.' 5.6% 0.1% 6.3% 6.4% 0.9'10· 7.1% 2.6% 7.4% 7.9% 4.4% 0.8% 0.1% 
I 1.25 1.125 8.1% 0.1% 11.9% 7.8% 1.0% 7.4% 1.5% 6.6% 5.3% 4.2% 0.6% 0.0% 
1.25 I.S 1.375 8.2% 0.00/. 7.6% 7.5% 0.5% 7.0% 2.0% 7.4% 8.0% 1.9% 0.3% 0.0% 
U 2 1.75 9.6% 0.0% 9.9% 8.2% 0.()fA. 8.4% 2.0% 8.8% 8.6% 10.2% 0.1% 0.0% 
2 2.S 2.25 12.6% 0.0'10 8.3% 9.1% 0.()fA. 5.1% 5.0% 8.3% 5.9% 11.5% O.O"A. O.()fA 
2.S 3 2.75 8.1% 0.0'10 4.9% 13.1% 0.0'/0 11.2% 4.2% 10.()f/o 6.9% 5.8% 0.0'/0 O.()f/o 
3 mM' 3 
6p (Pa) 19.6 214.0 19.5 19.5 323.6 19.0 47.0 18.5 23.0 34.8 119.7 159.7 p .......... (".) 55.7% 0.0010 63.7% 63.6% 0.0'10 64.7% 19.1% 59.0% 48.0% 24.2% 0.4% 0.0% 
M (a) 0.2790 0.2873 0.2673 0.2673 0.2773 0.2793 0.2834 0.2622 0.2637 0.2654 0.2685 0.2692 
P~(%) 55.8% 0.0'10 64.6% 64.6% 0.0"10 64.4% 19.2% 59.5% 44.9% 23.6% 0.4% 0.0% 
" 
ameter 1.32 1.34 I. I .4 
Table A3.7: Reproducibility data (re! Figure 4.13) • Grade penetration (P."",.,) and the co"esponding arithmetic standard deviation (u •. p) for 1.9% packing density 
Bekaert Bekipor@ WB 41150 at 0.10 m s' face velocity. 
Filtration of solid and liquid aerosol particles ·Appendix 3 
Media WB4/1S0 WB 81300 WB 121300 
filter loading ftatus cluD ICNlded deall rtill loaded c1UR amal ro.d .. 
Lower Size Upper SIz Meand" p- p- p- p.- p- p- p.- p.-
(pm) (pm) (pm) w·) (%) ('t.) w.) (%) (%) (%) w·) 
0.09 0.11 0.1 79.3% 8.1% 95.9% 58.0% 19.7% 97.2% 51.0% 8.4% 
0.11 O.IS 0.1) 81.3% 7.4% 96.7% 57.1% 19.4% 98.0% 47.3% '.9% 
US 0.2 0.175 833% '.0% 97.6% 56.4% 19.1% 99.1% 44.3% Sol% 
0.2 0.25 0.225 85.3'"1. S.l% 98.9% 54.7% 17.1°,. 99.5% 42.6% '.2% 
0.25 0.3 0.275 85.2% 4.2% 98.6% 53.3% 14.8% 911.4% 42.3% 3.4% 
0.3 0.' 0.35 84.9% 3.2% 97.3% 49.8% 12.0% 99.4% 40.3% 2.5% 
0.' 0.5 0.45 83.0% 2.1% 95.6% 45.8% 8.5% 99.1% 38.S% 1.5% 
0.5 0.65 0.575 80.2% 1.3% 98.1% 41.9""- 6.6% 99.2% 36.4% 0.8% 
0.65 0.8 0.725 75.7% 0.8% 87.5% 34.2% '.8% 98.2% 33.4% 0.5% 
0.8 1 0.9 11.1% 0.5% 90.8% 30.5% 3.2% 97.4% 32.3% OJ% 
1 1.25 1.125 65.7% 0.2% 85.8% 23.7% 1.7% 96.5% 28.8% 0.1'" 
115 1.5 1.375 60.0% O.ZOA. 81.00.4 20.5% 1.3% 95.6% 24.2% 0.1% 
1.5 2 1.75 51.9% 0.1% 76.1% IS.OO'" 0.6% 93.7% 2!.4% 0.0% 
2 2.5 215 43.2% 0.0% 71.3% 10.1% 0.2% 91.6% 17.0% 0.0% 
2.5 3 2.7S 3S.7% 0.1)",4 62.3% 6.3% 0.1% 89.7% 13.1% 0.0% 
3 m"" 3 
Lower Size Upper ~izo Mend, Gy ~ Gy Gy Gy Gy Gy Gy (pm) (pm) (pm) <"h) (%) ('I.) (%) (".) (".) (%) 
0.09 0.11 0.1 1.$% 0.4% 2.3% 4.3% 2.S% 1.7% 2.4% 0.2% 
0.11 0.15 0.13 1.2% 0.5% 1.6% 3.2% 1.9"'{' 2.7% 1.6% 0.4% 
0.15 0.2 O.l7S 1.5% 0.6% 1.4% 2.1% 1.8% 3.0% 2.8% 0.5% 
0.2 0.25 0.225 1.4% 0.5% 0.8% 2.5% 2.3% 3.5% 2.9% 0.3% 
0.25 0.3 0.27S 1.6% O.S% 2.1% 2.6% 3.0% 3.1% 3.()% 0.2% 
03 0.' 0.35 2.1% 0.8% 1.6% I.S"'{' 6.5% 2.2% 2.8% 0.2% 
0.' 0.5 0.45 1.8% 0.5% 2.3% 1.9".4 3.2% 1.1% 2.6% 0.2% 
0.5 0.65 0.S75 2.8% 0.2% 3."P'.4 2.4% 1.3% 2.6% 2.3% 0.1% 
0.65 0.8 0.725 3.1% 0.3% 3.9% 3.0% 2.2% 1.1% 3.2% 0.1% 
0.8 1 0.' 3.5% 0.7t''' 3.7% 2.3% 5.6% 1.9'";' 21% 0.2% 
1 1.25 J.I25 1.6% 0.3% ,.2% 5.5% 2.3% 1.6% 2.5% 0.1% 
1.25 1.5 1.375 2.4% 0.1% 4.1% 3.9"" 6.8% 1.1% 2.0% 0.1% 
1.5 2 1.75 2.1% 0.4% 6.4% 6.6% 3.9'1" 0.8% 21% 0.1)";' 
2 2.5 2.25 23% O.SO;;' 2.1% "% 81% 3.1'1. 1.8% 0.0% 
2.5 3 2.75 2.4% 0.4% 6.8% 2.5% '.2% 4.4% 2.0% 0.0% 
3 _. 3 
Ap (PI) '.0 190.0 3.1 54.1 170.1 1.2 82.0 377.0 
p .......... ('1.) 69.8% 0.2% 89.6% 28.8% 2.8% 97.2% 31.5% 0.2% 
MW 0.5050 0.5307 1.0309 1.0656 1.1016 0.9177 0.965S 1.0281 
p .... (V.) 70.4% 0.0";' 89.9% 32.2% 3.0% 99.9% 29.9% 0.0".4 
01 IBI Ilmeter !LID 0.96 0.' 0.96 
Table A3.8: Variation offibre diameter tests (ref Figure 4.16(a)) • Grade penetration (P"""".J and the 
corresponding arithmetic standard deviation (<7.'> for 0.6% packing density Bekaert Bekipor@ WB media 
at 0.05 m Si face velocity. 
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w 
-0'1 
Media WBlJ150 WB4/1!'10 WB8I300 WBIV300 M,I 
ruter io.d1o stalin elfin loaded clun loaded clean loaded dun .rllal artlll loaded cleaD 
Lower Size Upper Slz MeaD I!., p- p- p .... p .... p- p ..... P- p .... P ..... p .... p .... p .... 
<Jun) <Jun) <Jun) (%i (%i (%) (%) (%i (%) (%) (il" (i) (~.i (%) Jili: 
'.09 0.11 '.1 66.1% 32.60/. 81.6% 49.9"/. 85.9"1. 69.9",4 97.2% 91,8% 75,1% 70.5% 95.5% 95.7% 
0.11 0.15 0.13 65.7% 30.2% 83.5% 40.0"/e 88.2% 66.4% 97.4% 92.4% 75.2% 61.3% 97.4% 97.3% 
0.15 '.2 0.17S 64.4% 25.6% 85.2% 27.2% 89.9'A 57.6% 97.5% 93.0-.4 76.2% 43.8% 98.9o/t 98.S% 
0.2 0.25 0.225 62.1% 22.0% 87.0% 11.4% 90.4% 45.5% 97.7% 92.6% 76.4% 23.5% 99.6% 99.6% 
US 0.3 0.27S 59.0'.4 ISJI"/t 88.1% 11.9% 91.1% 33.3% 97.6% 91.4% Ul% 12.5% 99.6% 99.8% 
0.3 0.4 0.35 54.0% 10.10/, 88.4% 6.8% 91.6% 21.5% 97.8% 90.4% 70.4% 4.8% 99.8% 99.9% 
'.4 0.' 0.45 44.4% 4.7% 88.4% 2.3% 91.1% 14.0% 97.9% 89.0% 66.4% 0.9% 99.3% 99.2% ,., 0.65 0.575 32.6% 2.1% 85.8% 1.0'1. 89.2% 8.3% 95.9'04 86.8". 59.4% 0.2% 99.2% 99.0"04 
0.65 '.8 0.725 22.4% 0.6% 82.3% 0.3% 87.1% 4.8% 94.4% 84.1% SJ.8% 0.0% 99.0% 99.2% 
'.8 I 0.' IS.S% 0.3% 75.3% 0.1% 84.5% 2.5% 91.2% 81.1% 43,8% 0.0".4 98.7"04 98.6% 
I 1.25 1.125 10.0"/. 0.1% 68.5% 0.0% 80.3% 1.1% 87.0% 77.0% 36.1% 0.0% 97.8". 97.2"04 
1,' I.' 1.375 6.4% 0,()".4 62.8% 0.0"04 75.6% 0.5".4 82.4% 1,73.1% 26.9-.4 0.0% 95.6% 95.8". 
I.' 2 1.75 3.4% 0.0% 54.1% 0.0% 69.0% 0.1% 78.8% 67.4% 18.1% 0.0".4 91.8% 92.0% 
2 2.' 2.25 1.9'.4 0'()".4 45.4% 0.0% 61.6". 0.0".4 72.3% 61J)"A 13.9-04 0.0% 86.8% 86.6% 
2.' 3 2.75 1.1% OJ)"A 36.80/. 0.1)'04 54.3", 0.0".4 66.4% 55.5% 7.1% 0.0% 81.2% 81.4% 
3 m~. 3 
Lower Size Upper Sw Me.nc!, 0 .. 0 .. 0 .. 0 .. 0 .. 0 .. 0 .. ~ 0 .. 0 .. 0 .. 0 .. <Jun) <Jun) <Jun) (%) (%) (%) W;) ('10) (%) ("l ~ ~ ~ -.l%) 
'.09 0.11 '.1 1.7% 5.0% 1.7% 2.7% 4.0% 5.1% 4.6% 1.8% 4.7% 1.8% 0.30/. 15% 
0.11 0.15 0.13 1.4% 7.0% 1.5% 2.3% 3-.9% 4.~.4 4.1% I."~ 4.1% 6.7",40 0.8% 1.6% 
0.15 0.2 0.175 1.6% 5.2% I.t% 1.7'.4 3.7',1, 5.7'.4 4.0% 1.6% 4.7"A 7.4% 0.6% 1.1% 
0.2 0.25 0.225 1.6% 4.3% 0.2". 2.0".4 3.5% 6,4% 4.8% 2.7% 4.9'.4 6.5% 1.1% 1.0% 
0.25 '.3 0.275 1.6% 4.8% 0.9% 1.4% 3.1% 4.9',40 4.7% 2.7% 5.2% 3.4% 1.7". 0.8% 
0.3 , .. 0.35 1.8% 1.3% 1.5% 0.6% 3.1% 2.6% 4.W. 1.8% 6.4% 1.3% 0.6% 0.7".4 
0.4 0.' 0.45 1.6% 2.4% 0.9% 1.7% 3.4% 1.0'.4 5.6% 5.3% S.O'.4 0.1% 0.9'/. 1.0% 
0.' 0.65 0.575 2.5% 1,4% 1.1% 1.1% 3.8% 1.3% 3.8% 4.7% 4.4% 0.1% 1.2% 1.9".4 
0,65 0.8 0.725 1.6% 0.1% 1.1% 1.2% 3.9% 0.3% 7,\% 3.8% 6.5% 0.2% 0.6% 0.5% 
0.8 I 0.' 1.4% 0.3% 0.7'.4 0.9% 3.8% 0.3% 8.0".4 '.0% 5.2% 0.1% O.7'A 0.7". 
I 1.25 1.125 0.7% 0.1% 0.8% 1.0% 4.7% 0.4% 8.0".4 4.7'.4 5,4% 0.0".4 0.9'A. 1.6% 
1.25 1.5 1.375 1.5% O.O'A. 0.1% 0.5% 4.0% 1.4% 9.6% 4.2% 7.7'A O.O'A 2.6% 1.3% 
1.5 2 1.75 3.7% 0.0% 0.9". 0.0% 4.3% 0.5% 8.9'04 6.6% 13.4% O.O"A. 3.5% 4.2% 
2 2.' 2.25 3.1% O.O'A. 0.7% 0.0",40 3.4% 0.2% 9.4% 10.1% 18.7% O.O'A 3.5% 2.5% 
2.5 3 2.75 1.5% 0.0% 0.4% 0.0% 6.2% 0.1% 14.0".4 34.2% 12.8% 0.0% 4.4% 3.2% 
3 m~. 3 
.6.p(p.) 61.2 213.17 19.5 334.6 12.4 158.6 '.3 8.2 31.9 245.7 1.8 1.8 
p ............ w·) 7.2% 0.0% 63.7'A 0.0% 76.6% 0.6% 82.7% 73.4% 27.6% 0.0% 96,4". %.4% 
M(&) 0.2674 0.2719 2.67B-01 2.77E-OJ 0.5716 0.5832 0.5573 0.5609 0.5686 0.5795 0.2799 0.2799 
P-(%) 7.5% 0.0% 64.6% 0.0% 76,4% 0.6% 84.0'04 71.1% 28.1)",40 0.0'.4 96.6% 96.6% 
~ 
'. 
aweter 1.32 L34 1.32 1.36 1.28 
Table A3.9: Variation offibre diameter tests (ref. Figure 4.16(b)) - Grade penetration (P.""",.) and the corresponding arithmetic standard deviation (<ra,plfor 1,9% packing 
density Bekaert Bekipor@WBandMeltymediaat 0,10 m s' face velocity, 
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A3.3 Pressure drop and penetration versus time data for liquid particle loading 
onto mono- and multi-layered filter media 
General liquid particle loading behaviour using monodisperse DES aerosols was reported 
in Chapter 4 for two types of stainless steel fibrous fIlter media: Bekaert Bekipor® WB 
1.5/150 and Bekaert Bekipor® ST 10AL3. The pressure drop and penetration responses to 
increasing mass deposit have been plotted for these media in Figures 4.25 and 4.26. In 
this section, the corresponding pressure drop and penetration versus time data has been 
plotted for purposes of reference to the reader. These data are plotted in Figures A3.4 and 
A3.5 as follows: 
o Pressure drop and penetration versus time for Bekaert Bekipor® WB 1.5/150 stainless 
steel media loading with 2 r.un DES particles at 0.12 m.s· l face velocity; 
o Pressure drop and penetration versus time for Bekaert Bekipor® ST 10AL3 stainless 
steel media loading with 2.6 r.un DES particles at 0.16 m.s-I face velocity. 
The regions of interest identified previously in Chapter 4 have been shown for reference 
in Figures A3.4 and A3.5. 
It is clear from these figures that similar loading responses are occurring with respect to 
time and mass deposit, indicating that the amount of mass deposited onto the fIlter is 
proportional to the loading time. 
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Figure A3A: Pressure drop and penetration versus time for Bekaert Bekipor@ WB 1. 5/ /50 stainless s teel 
media loading wilh 2 1.1'" DES particles 01 O. J 2 m.s'/ face velocity. Labels shown: (a) initial loading region, 
(b) approach to equivalent clogging poi'" (P). and (c) plaleau or pseudo sleady slale region. The dOlled 
line indicates the probable locatioll of (P) as LSP penetration data was below 'he zero error threshold ill 
this region (set at 0.3 7% arithmetic standard deviation (ASD)). 
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Figure A3.5: Pressure drop and penetration versus time for Bekaert Bekipo/' ST lOAL3 stainless steel 
media loading with 2.6 J.Jm DES particles at 0.16 m.s·/ fa ce velocity. Labels shown: (a) initial loading 
region I, (b) approach to initial clogging point (P I), (c) plateau or pseudo steady state region I , (d) initial 
loading region 2, (e) approach to equivalellt clogging pOilll (P2), (f) approach to plateau region 2, and (g) 
plateau or pseudo steady stare region 2. 
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Appendix 4 
In Chapter 5, a number of clean filter penetration predictions were perfonned using the 
theories summarised in Table 5.1. Additional simulations perfonned for other filter 
samples loading tests assessed during the solid particle loading phase of the current 
studies are shown in here to supplement data already reported in Chapter 5. Figures A4.1 
to A4.3 show the results of the theoretical penetration calculations compared with 
experimental values for Bekaert Bekipor® WB 8/300 and 12/300 and Melty media at 
1.9% packing density and 0.1 0 m S·I face velocity (ref. fibre diameter variation loading 
experiments in Chapter 4). Similarly, Figures A4.4 to A4.6 show data for Bekaert 
Bekipor® WB media at 0.6% packing density and 0.05 m S-I face velocity. Other data 
obtained at 0.1 m S-I face velocity is shown in Figures A4.7 and A4.8, which respectively 
show results for Bekaert Bekipor® WB 1.5/150 media at 0.6% packing density and Melty 
media at 9.3% packing density. 
General conclusions can be drawn from the data reported here and in Chapter 5: 
o The traditional method over-predicts the clean filter penetration for smaller fibre 
diameter (dr) filters; generally occurring at particle sizes greater than 0.5 !l1Il. 
However, reasonable agreement with experimental data is observed for Melty fibres at 
lower packing densities (say < 5%). 
o The fan model tends to over-predict the penetration for smaller particle sizes and 
under-predict it for larger particle sizes, where filters have larger dr values and low 
packing density (0.6%) media with dr < 8!l1Il. The model generally over-predicts the 
filter penetration at smaller dr filters (8!l1Il or less). There is no definable overall trend 
for the batch of data shown, although the Fan model tends to agree better with 
experimental data than the traditional method. 
o Both Liu & Rubow methods generate fairly reasonable, albeit conservative, 
predictions for clean filter penetrations. However, for smaller dr filters, the model 
tends to over-predict the filter penetration at particle sizes lower than 0.1 !l1Il and 
greater than 0.5 !l1Il. The modified Liu & Rubow predictions generally improves the 
predicted penetration slightly for particle sizes lower than 0.1 !l1Il and greater than 0.5 
!l1Il. 
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--- Uu & Rubow n'Odified • Payet & Gougeon 
Figure A4.1: Variation of experimental and predicted penetration with particle diameter for Bekaerr 
Bekipor@ WB 8/300 stainless steel fibrous media at 1.9% packing density for 0./0 ms·J face velocity. 
0.. 
1~1o+---~--~--~~~----~--~~~~~----~~~----~~ 
0.01 0.10 1.00 10.00 
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--+- E.'~perirrental Tradilionalrrcthod 
--- Fan IT(ldel --Uu & RubowlT(ldel 
--- Uu & Rubow modified· Paye! & Gougeon 
Figure A4.2: Variation of experimental and predicted penetration with particle diameter for Bekaert 
Bekipor@ WB /2/300 stainless steelfibrous media at / .9% packing density for 0.10 ms· J fa ce velocity. 
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Figure A4.3: Variation of experimental alld predicted penetration with particle diameter for Melty fibrous 
media at 1.9% packing density for 0.10 11IS'/ face velocity. 
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Figure A4.4: Variation of experimental and pred;cled penetration with particle diameter fo r Bekaert 
Bekipor@ WB 41150 stainless steeljibrolls media at 0.6% packing density for 0.05 ms· J face velocity. 
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Figure A4.5: Variation of experimental and predicted penetration with particle diameter for Bekaerr 
Bekipor@ WB 8/300 stainless steel fibrous media al 0.6% packing density for 0.05 ms'/ face velocity . 
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Figure A4.6: Variation of experimental alld predicted penetration with particle diameter for Bekaerr 
Bekipor@ WB 121300 stainless steel fibrolls lIIedia at 0.6% packing density Jar 0.05 illS' Jace velocity. 
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Figure A4.7: Variation of experimental alld predicted penetration with particle diameter for Bekaen 
Bekipor@WB 1.5/ /50 stainless steelfibrous media at 0.6% packing density for 0.10 ms·/ face velocity. 
0.01 0.10 1.00 10.00 
Particle diameter (I1m) 
-+- Experirrental ---Traditional n.:thod 
--- Fan lrodel --- u u & Rubow rmdel 
--- Liu & Rubow modified· Paye ! & Gougeon 
Figure A4.8: Variarion of experimental and predicted penetration with particle diameter for Melty fibro us 
media at 9.3% packing density for 0. 10 ms'/ face velocifY. 
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Appendix 5 
AS.1 Sub-micron particle filtration rig 
As mentioned previously in the main body of this thesis, a third filtration rig was designed 
and constructed during the course of these studies, however it was not commissioned due 
to lack of time. The rig could generate and measure sub-micron sized particles and would 
have been valuable in determining sub-micron grade penetration data for clean, partially 
loaded and clogged filters tested. Such data would provide important information for the 
diffusional capture regime, thus extending data already obtained for the interception 
regime during the current study. 
Two instruments incorporated onto the rig that are new to the reader are the DMAlC and 
condensation nucleus counter (CNC). Detailed accounts of the DMAlC and CNC are 
described in the next two sections, followed by a more in depth description of the 
filtration rig in Section AS.3. 
AS.2 Differential mobility analyser/classifier (DMA/C) 
The differential mobility analyser/classifier basically uses an electrostatic classification 
method for particle size analysis of or to classifY an aerosol. It has been described as a low 
pass mobility filter; where particles with an electrical mobility higher than a critical cut-
off value are collected, while those with lower mobilities are allowed to pass through the 
instrument to be detected by a particle sensor. Electrostatic classification and electrical 
mobility theory are described in Sections AS.2.l and AS.2.2. 
In both operating modes, particles extracted by the DMAlC lie within a narrow mobility 
size range and if these particles all possess a single charge, a monodisperse aerosol is 
produced. However, according to the Boltzmann equilibrium charge condition, most of 
the particles will actually possess zero or ± I charges, with a smaller fraction having 
charges of ± 2 or more. As a result, the aerosol produced by a DMAlC is practicably 
monodisperse (O'g < 1.25). Nowadays, the unit is regarded as a standard sizing instrument 
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and is manufactured by TSI as the Model 3071 Differential Mobility Particle Sizer 
(DMPS) (TSI [1990-1]). 
AS.2.1 Electrostatic classification 
Electrostatic classification is an effective method of measuring both the particle size and 
concentration of fme aerosols. High electrical mobilities of aerosol particles in an electric 
field enable them to be separated and classified electrically. If the electrical mobility is a 
linear function of the particle size, mobility classifiers may be used as size analysers and 
the net electrical charge carried by an aerosol may be measured by an electrometer for 
concentration data. 
The earliest studies of atmospheric electricity occurred at the turn of the century. 
Advances in electronics over the past few decades, and the increasing need to measure 
fme particles, have resulted in the development of a number of techniques and devices. By 
1966, reliable methods for generating aerosols of a desired charge, size and concentration 
had been developed; for example, Whitby & Clark [1966] developed the mobility analyser 
(Whitby [1968]) shown in Figure AS.I(a). End effects that were inherent in parallel plate 
designs were eliminated and axial symmetry was maintained in this design. A decade 
later, Liu et al [1974] and Liu & Pui [1976] developed the first commercial differential 
mobility analyser, DMA, (shown in Figure A5.l(b» as well as the electrical aerosol 
analyser, EAA, (shown in Figure AS.l(c» and the electrical aerosol concentration meter. 
At the same time, Knutson [1976] and Knutson & Whitby [1975a, 1975b] developed a 
theory to explain the electrical mobility classification method. 
AS.2.2 Electrical Mobility Theory (pui & Liu [1974J, Knutson [1976J. Agarwal & Sem 
[1978J, Kinney et al [1991J) 
Within an electrostatic classifier, a particle wiIl rapidly reach a steady radial velocity via 
equilibrium of the electric field force, Fe' and the opposing Stokes' Drag force, F.: 
31tJ,t. vd p Fe = eEe and F. = (A5.l) C, 
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where e is the elementary unit of charge, E. the electric field strength, IIg the viscosity of 
the carrier gas, v the radial component of particle velocity, dp the particle diameter, and Cc 
the Cunningham slip correction factor, given by Equation (2.26). 
(a) 
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(c) 
r0:~ 
r-_--,.-'a..r' •• (-tr. ....... 
A 
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(b) 
II#DIW "tfW. 
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Figure A5.I: Electrostatic classification devices - (a) Whitby mobility analyser. (b) DMA. and (c) EAA 
(Whitby (I976]) 
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For the equilibrium condition, Fd = F. (Equation A5.1), and rearranging this in tenns ofv 
we get: 
(AS.2) 
However, v is governed by the particle electrical mobility, z., dermed as the velocity a 
particle attains under the influence of unit electric field. For a singly charged particle Zp is 
simply: 
v Z=-
p E 
• 
Combining Equations (AS.2) and (AS.3) we get: 
Z = eC, 
p 31tllgdp 
A5.2.3 Operation o/the DMAlC 
(AS.3) 
(AS.4) 
Figure AS.2 shows a cross-sectional drawing of the differential mobility analyser that was 
developed at the University of Minnesota in 1971 (Knutson [1971]) and later reported by 
Knutson & Whitby [197Sa, 1975b]. 
Filtered, dry sheath gas enters the unit through an axial tube at the top, downward through 
a plastic tube section and outward through eight 0.239 cm diameter radial holes (section 
A-A in Figure AS.2). The stream is then equally distributed and smoothed before entering 
the annular region flows through a 74 mm mesh nylon screen. Dry aerosol (to be 
classified or analysed) is passed through a radioactive source to achieve Boltzmann 
equilibirum charge condition prior to entering the DMNC through two diametrically 
opposed radial inlet tubes, situated below the sheath inlet. The aerosol is evenly 
distributed as it flows axially downward through a narrow O.lS9 cm annular gap. It then 
enters an annular or classifYing region, to merge with the sheath flow through a 
circumferential gap at the bottom of this narrow annular region. The sheath flow forces 
the aerosol to flow downward in a thin layer at the inner wall of the outer cylinder (i.d. = 
3.815 cm), merging smoothly without mixing. 
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Close to the bottom end of the classifYing region, a fraction of the gas flow containing 
monodisperse aerosol particles is extracted through a small slit (0.159 by 0.159 cm) 
situated on the centre rod (o.d. = 1.900 cm). This can be seen in section C-C of Figure 
A5.2. The sample then flowed through twelve 0.159 cm diameter radial holes at the 
bottom of the groove and leaves through a 0.318 cm diameter tube. The remaining flow 
passes through twenty-four 0.0794 cm holes at the bottom closure of the unit (section D-D 
in Figure A5.2) and leaves as excess air through an outlet tube. The classifYing/analysing 
region is formed by placing a 1.900 cm o.d. tube inside a 3.815 cm i.d. tube. The length of 
this region, L, is defmed as the axial distance from the aerosol entrance to the exit at the 
slit at the lower end of the central rod (L = 45.52 ± 0.03 cm). 
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Figure A5.2: Cross-sectional drawing of the DMAIC (Knutson & Whitby {1975a, 1975b}} . 
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As soon as aerosol particles enter the classifying region, they are transported axially along 
the classifYing region by the sheath flow as explained above. Particles with a positive 
charge move radially towards the centre rod under the influence of the electric field across 
the annular gap, while negatively charged particles deposit on the inner surface of the 
outer cylinder. 
From Equation A5.4, we can deduce that small particles will have higher electrical 
mobilities, consequently moving with large radial velocities towards the centre rod and 
depositing on its surface. Conversely, larger particles, with lower electrical mobilities and 
their lower radial velocity are carried further down the classifying region before 
depositing. Much larger particles will be swept out of the bottom of the classifier in the 
excess flow. 
Knutson [1976] and Knutson & Whitby [1975a, 1975b] developed a theory of operation, 
based on integrating the particle trajectory equations, in the mid-1970s. A more detailed 
analysis of this may be found in their paper. The practical application of this theory to 
experimental data now follows. 
A5.2.3.1 Practical application of mobility theory for the DMAIC 
Voltage variation on the centre rod and concentration readings of the aerosol leaving by 
the classified aerosol outlet allows measurement of the electrical mobility distribution of 
the inlet aerosol. Reduction of the polydisperse aerosol to sheath flowrate ratio can control 
the accuracy of measurements. Equation (A5.4) allows calculation of the aerosol size 
distribution from the electrical mobility distribution for singly charged particles. For n 
elementary charges Equation (A5.4) modifies to: 
(A5.5) 
The measured value ofZp may be given by (TSI [1990-1991]): 
[Q. -0.5(Q, +Q.)] (r,) Z = In-
p 27tVL r, 
(A5.6) 
or by (Knutson [1976], Knutson & Whitby [1975]): 
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(AS.7) 
where r, and r2 are the radii of the centre rod and outer cylinder respectively, L the length 
of the classifYing region, Q, is the total flow rate through the classifier, and Q., Qc, Q" and 
Qm are the flowrates for the aerosol inlet, sheath supply, aerosol sampling and excess 
outlet respectively. Also, Q, = Q. + Qc = Q. + Qm . 
. Combining Equations (AS.S) and (AS.6) we get a relationship in terms of the particle 
diameter, collector rod voltage, number of charges on the particle, classifier flow rate, and 
classifier geometry. Hence: 
d p 2neVL 
c,= 311.[Q,-05(Q. +Q.)]ln(::) 
(AS.S) 
Alternatively, combining Equations (AS.5) and (AS.7), we get: 
d p 4neVL 
Cc = 311.[Q, +Qml ln(::) 
(AS.9) 
All other parameters are constant for each voltage setting, so the only variable is ~, which 
can be found using a simple iteration technique. For example, the Newton-Raphson 
iteration technique described below could be used. 
AS.2.3.2 Newton-Raphson Iteration method for determination of dp in the DMAIC 
The Newton-Raphson iteration technique has been used in these studies to find the 
particle diameter for each voltage setting in the DMAlC. This technique requires that f(x) 
= 0, given that the iteration is expressed by: 
(AS.10) 
where x, xn+l are the values in the function f(x), and f(x) is the derivative off(x). For ease 
of reference, x will be substituted for ~ in the following equations, thus for Equations 
(AS.S) and (AS.9) respectively: 
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and 
x 
Cc 
Kn = 2A. 
• X 
4neVL (A5.l1) 
(A5.l2) 
Let fl be the product ofthe constants in the right hand side of Equation (A5.11), so that: 
-0.S7 Also, let a = 1.246Knp, b = 0.47Knp, and c = --, so that: 
Kn. 
Cc =1+~+E.exp(cx) 
x x 
It therefore follows that: 
f(x) = flCe -x = 0 
Substituting for Cc in equation (A5.15), we get: 
f(X)=fl[I+~+: exp(cx)]-x=o 
Differentiating equation (A5.l6) gives: 
f'(x) = 0- a~ + bfl.cexp(cx) + exp(cx).(- b~) -I 
x x x 
Simplifying: 
f'(x) = [c_~](b~) exp(cx)-(:~)-I 
Thus, the substitution of Equations (A5.l6), (A5.17) in (A5.10) results in: 
{fl[l +;;+texp(cxD)]-XD} 
x.+. = X
D 
- {[c- :J:~)exp(cx)-(:~) -I} 
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For each value of V, the corresponding value of xn+l should converge quickly and hence 
give a value for <1.,. 
AS.3 Condensation Nucleus Counter (CNC) 
The Condensation Nucleus Counter, or CNC, may be used to measure number 
concentrations of sub-micron aerosol particles, and is widely used in aerosol technological 
applications and studies. The instrument operates by producing a supersaturated vapour 
that condenses on nuclei (from aerosol particles entering the unit), and these grow until a 
large detectable size is reached. Three categories of condensation nucleus counters can be 
found, depending on the super-saturation method of apparatus: adiabatic expansion CNC; 
mixing flow CNC; and continuous or steady flow thermal diffusion CNC. The adiabatic 
expansion CNC initially saturates the aerosol sample in a chamber with a condensable 
vapour (such as wat~r vapour), adiabatic expansion then cools the mixture to give super-
saturation. Vapour condenses onto aerosol particles present, producing nuclei growth to 
detectable droplets. The numbers of droplets that fall into a detecting field or the amount 
of the light attenuation in the chamber by the whole droplet cloud are measured. 
Unfortunately, the sampling flow in this type of CNC pulses, so it is difficult to apply in 
continuous or steady flow conditions (such as in particle size measurement by a diffusion 
battery or for use with the DMAlC). The mixing flow CNC was developed to resolve this 
sampling flow problem. Clean air passes through a heated saturator, where it is saturated 
with vapour (usually water or hexanal vapour). A relatively cool vapour-air mixture 
saturates the aerosol sample. Supersaturation occurs on mixing the hot vapour-saturated 
flow with cold aerosol flow in a turbulent jet. Droplets formed by condensation are 
optically detected. This type of CNC has a good response in the detection of ultrafme 
particles. The continuous (or steady flow) thermal diffusion CNC is the common and it 
may be used with particle diameter classification devices that require a continuous flow. 
An aerosol sample flows into a saturator containing alcohol at an elevated temperature 
and is saturated with alcohol vapour. It is then cooled in a condenser maintained at a 
lower temperature, where gas cooling takes place by both conduction and convection, 
leading to supersaturation. Particles grow to a detectable droplet size (typically 10 to 12 
J1lIl) by condensation, and droplet measurement occurs by either single particle counting 
or by total light scattering or attenuation. 
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The TSI Model 3020 Condensation N ucJeus Counter (TSI [1 979]) was the first 
continuous flow CNC to be commercially available and is shown in Figure A5.3. 
To FIONmeter and PLMTlP 
Photodel~ Slit (O. 1mmx2mm) 
o-- lamp 
Cond,"""" Lens 
Lens 
Da cron FeK 
___ ..... - Aerosol Inlet 
-
Alcohol 
Figure A5.3: Schematic of the TSI Model 3020 CNC ([SI [1979]) 
The apparatus consists of a saturator, a condenser, a light scattering particle sensor, a flow 
meter, and a pump. An inclined tube ( 114 mm long, 19 mm diameter) is used fo r the 
saturator and is lined inside with 1.6 mm thick dacron fe lt. Thi s lining is partially 
immersed in a 50 cm3 n-butyl alcohol' reservoir, located next to the sample inlet. The 
temperature is maintained at 35.0 ± 0. 1 QC by an electri ca l resistance heater. The 
condenser is made up of a vertical tube (80 mm long, 4 mm diameter) and maintained at 
10.0 ± 0. 1 QC by a thermo-electric cooler. Droplets formed in the condenser reach an 
approximate size of 12 Ilm in diameter, which pass into the viewing volume through a 1.0 
mm diameter nozzle. In the sensor, a light source is focused on a horizontal slit by a 
condensing lens. An imaging lens then forms a I : I image of the slit above the aerosol exit 
nozzle. 
I alcohol vapour is more effective than water vapour for droplet formation, as water vapour has a tendency 
to diffuse to the cool walls of the condensation chamber, rather than to condense on the particles 
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The main light beam is stopped just short of the collecting optics (a pair of aspheric 
lenses) which gather light scattered by the droplets and focus it onto a photo diode. The 
focusing and collecting optics are maintained at 35°C to avoid alcohol condensation on 
their surfaces. Once counted, the sample flows through a high efficiency filter, a 
flowmeter, and a pump. Feedback control circuitry maintains the pump at an airflow of 5 
cml S·1 (300 cml min·\ regardless of the inlet pressure2• A centre-analogue meter on the 
front panel monitors the sample flowrate. 
The instrument has two counting modes: . single particle counting at number 
concentrations of <I 000 particles cm·l , and the photometric mode for concentrations from 
103 to 107 particles cm·l • The former mode individually counts droplets as they pass 
through a viewing volume, allowing accurate measurement of low concentrations from 
<0.1 to 1000 particles cm·l ; whereas the latter measures the total light (DC level) scattered 
from all droplets in the viewing volume. 
This unit was replaced by the TSI Model 3022 Condensation Particle Counter (CPC) (TSI 
[1990]) in 1988. Only a few design modifications were made: an interfacing facility for 
use with the TSI Differential Particle Sizing System (DMPS) and additional flow controls 
and facilities. The detection limit remains the same: down to 0.01 ).Un and it uses the 
photometric counting mode for concentration measurements. 
The TSI Model 3025 Ultrafme Condensation Particle Counter (UCPC) was introduced 
even later (TSI [1990]) to allow ultrafme particle measurement at high particle 
concentrations (up to 107 particles cm·l ). Its detection range is nominally between 
0.003).Un and 0.02/lffi, although sizes greater than 3 ).Un can be measured. Dry filtered 
sheath air is used in the UCPC to confine the aerosol to the central flow stream of the 
condenser tube, where the supersaturation is greatest (Kogan & Burnasheva [1960]). 
Consequently, the detection efficiencies for small particle sizes down to 0.003 ).Un are 
very high and the response time is fast. Its high sensitivity makes it the only commercially 
2 If the inlet pressure is below -25 cm H20, the pump cannot maintain correct flow. In this case an external 
pump must be connected to the exhaust of the standard pump. 
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available CPC to date that can detect particles of less than 0.01 JlIIl in size to great 
accuracy. As a result, it is used in atmospheric studies, clean room monitoring, basic 
aerosol research, and new research areas that are only possible with the use ofUCPC's. 
AS.3.1 Theory of droplet growth in the CNC 
The mechanism by which particles grow in the particle counters is heterogeneous 
condensation, where growth is promoted by the presence of condensation nuclei. If the 
supersaturation is high enough, homogeneous or self-nucleation will occur, where vapour 
molecules form clusters (due to the natural motion of the gas and the attractive Van der 
Waals forces) providing nucleation sites. The degree of supersaturation is determined by 
the saturation ratio, PIPs, defined as the ratio of the actual vapour partial pressure, P, to 
the saturation vapour pressure, Ps, for a given temperature. For a given saturation ratio, 
vapour condenses on particles only if they are large enough, so a minimum size capable of 
acting as a condensation nucleus is evident. This is known as the Kelvin diameter, DK: 
(AS.19) 
where (J is the surface tension, Mr the molecular weight, and PL the density of the 
condensing fluid respectively, Rg the universal gas constant, and T the absolute 
temperature. 
The saturation vapour pressure is defmed for a flat liquid surface, so for a curved surface 
(as in a droplet), this is greater in value. It is therefore easier for vapour molecules to leave 
a liquid surface as smaller droplets than larger ones. The Kelvin diameter gives the critical 
equilibrium size at which a pure droplet will neither grow nor evaporate for a given 
saturation ratio. Liquid particles smaller than this size will evaporate. Correspondingly, 
and bigger ones grow larger by condensation, and these will continue to grow unless all 
vapour is depleted, and the saturation ratio falls until it is in equilibrium with the droplet. 
Thus for every droplet size there is a saturation ratio that will exactly maintain its size. 
Therefore, if the saturation ratio is kept below the point at which homogeneous nucleation 
will occur, condensation will not take place in a particle-free environment. Lower 
detection limits of CNC/CPC's are determined by the operating saturation ratio. For 
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example, as the temperature difference increases, the saturation ratio is increased, so that 
the minimum detectable particle size falls. 
AS.3.2 Particle counting theory of the CNC 
When the particles have grown to a detectable size, typically 2 to 3 IIID, they pass through 
a light beam and scatter light onto a photodetector. Each CNC/CPC requires different· 
calculations for the particle concentration measured, although all of the models mentioned 
operate in the same mode at concentrations less than 103 particles.cm·3 (single particle 
counting). In this mode, the pulse of light scattered by each particle is counted separately 
and the concentration is calculated from the frequency of pulses. While the pulse exists, 
the counter is disabled, so it cannot count another until the first is completed. When a 
second particle enters the viewing volume, while the first is still there, the pulse width can 
be extended and thus the time period in which the counter is disabled. In this instance, the 
counter can be described as paralysable, since at high enough particle rates the pulse 
width extends indefinitely, resulting in paralysing the counter. The relationship below 
comes from the statistics of a para1ysable counter. 
CoctuaI = Cmdk"'d exp(QtCoe1ual ) (AS.20) 
where Cactual and Cindicated are the true and measured concentrations respectively (particles 
cm-3); Q the aerosol flow rate (5 cm3 S·1 in 3020 CNC); t the time period for single 
particle counter disablement (3SJls in 3020 CNC). The term QtCactua1 gives the average 
number of particles occurring during the disabled period. This may be approximated by 
using Cindicated in place of Cactual in the exponential term, as Cactua1 cannot be easily solved 
due to its double-valued function of Cindicated. At low concentrations the average time 
between the arrival of particles is much larger than the disabling time (typically QtCactual 
< 0.01), and coincidence is low so its effect may be neglected. However, at higher 
concentrations, coincidence correction is necessary. Table AS.1 gives coincidence 
correction values for concentrations up to 103 particles cm·3 and 104 particles cm·3 for the 
3020CNC . 
. The photometric mode uses a different method of counting particles that is independent of 
time. A coincidence correction is directly applied by measuring the particle counts over 
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the live time of the counter. When the particle passes through the viewing volume, it 
effectively disables the counter, and the period of time required should not be included in 
the sample time. The live time, or the time for the gaps between particle pulses, is 
measured by an accumulator and high-speed clock; which are reset at the start of each 
measurement. 
Cindicated Correction Factor C""", 
(particles cm·') =exp(QtC""",,) (particles cm·') 
900 1.208 1.088e+03 
800 1.179 9.430e+02 
600 1.125 6.750e+02 
400 1.078 4.310e+02 
lOO 1.018 1.020e+02 
50 1.009 5.040e+01 
10 1.002 . 1.000e+01 
Table A5.1: Coincidence correction for concentrations up to IIj particles cm-' for the TSI Model 3020 
c.N.c. (!'SI [1979]). 
The accumulator adds up the live time and the counter adds up the pulse counts until the 
former reaches a value that signals the latter and the clock to stop. So, the actual particle 
concentration, Cactual, is given by: 
N C =-p-
-.t Qt"" 
where Np is the number of counted particles, tace the accumulated live-time. 
(AS.21) 
At very Iow concentrations, measurement accuracy in the single-particle-counting mode is 
limited by statistical error. The statistical error of the count, 0" is related to the total 
count, n, by: 
cr=.J[i , (AS.22) 
If the total number of particle counts in each interval is small, the uncertainty in the count 
will be large. Sampling over longer periods of time therefore increases the accuracy of the 
measurement: 
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n C=-Qt (AS.23) 
where C is the concentration (particles cm-3); n is the total number of counts; and t the 
sampling time period (s), or averaging time. 
The fractional uncertainty can be found by combining Equations (AS.22) and (AS.23): 
cr, I I 
~= ~CQt = ~ (AS.24) 
For the TSI Model 3020, the longest automatic averaging time available is 200 s, giving a 
statistical error of 1% at 10 particles cm-3, and 10% at 0.1 particles cm-3• For extremely 
low concentrations, t is less than 200 s and Equation (AS.23) may be used. 
AS.4 Construction and operation of the sub-micron filtration rig 
A schematic of the filtration rig is shown in Figure AS.4 and its legend is listed in Table 
AS.2. The rig comprises of three primary modules: aerosol generator, ftltration section, 
and the DMPS cabinet. The rig was designed to be used in two modes of operation: grade 
penetration measurements using polydisperse sodium chloride aerosols and a differential 
mobility particle sizer (DMPS) to measure upstream and downstream ftlter particle size 
distributions, or for sub-micron loading measurements using monodisperse aerosols. 
These monodisperse aerosols could be generated by one of two methods depending on the 
type of aerosol required: 
o Liquid particle condensation aerosols of DES generated by a Liu & Lee type aerosol 
generator (described in Chapter 2). A differential mobility analyser/classifier 
(DMAlC) could then be used to improve monodispersity of the generated aerosol if 
required; 
o Polydisperse solid particle aerosols are initially generated by the large reservoir 
Wright nebuliser and classified to the desired particle size using a DMAlC. 
Instrument control and automatic data logging has been incorporated onto the rig where 
feasible, with backup manual facilities where required. A "control box" was designed and 
constructed by a contractor to provide power to the D MPS system and channel signals to 
and from the AID converter inside the PC. Automatic control and data monitoring was 
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effected by means of menu-driven software on the PC. A circuit diagram of the DMPS 
control box is shown in Figure A5.5 for reference. 
_ A number of equipment items needed to be designed and fabricated in the department 
during the construction phase of this rig: DMNC unit, filter holder and atomiser. 
Drawings of these designs are shown in Figures A5.6 to A5.8 for the DMNC unit, Figure 
A5.9 for the filter holder, and Figure A2.8 for the atomiser. 
AS.4.1 Operation in grade efficiency test mode 
Polydisperse aerosols are generated in the Wright nebuliser, using clean dry compressed 
air. This stream enters the DMPS cabinet via port B. This stream is dried, passed through 
an ionising radiation source (Kr85 #1) and regulated to a pre-determined flowrate prior to 
entering the DMNC (the three way valve, VS, is open to DMNC in this case). The sheath 
nitrogen stream entering the DMNC unit is also regulated to a pre-determined flow. The 
DMNC central rod voltage is already set to a pre-determined level at this stage, so that a 
desired particle size is classified. The classified stream leaves through the bottom of the 
unit, passes through a second ionising radiation source (Kr85 #2) and out to the filtration 
section via port D on the DMPS cabinet. Excess DMNC aerosol leaves via port E of the 
DMPS cabinet. The classified aerosol enters the mixing chamber, where it is diluted with 
clean dry air, passes through the test filter and is exhausted. Aerosol samples are taken 
from the upstream and downstream sampling lines for particle number concentration 
measurement by the CNC (where valve V21 is open to the CNC inlet). Once data has 
been measured for this DMNC voltage setting and subsequently classified particle size, 
the next voltage settling/particle size step is performed, and the sampled aerosol CNC 
data logged for that particle size. This last stage is repeated until sufficient upstream and 
downstream filter aerosol concentration data have been obtained for a range of particle 
sizes. 
AS.4.Z Operation in loading test mode 
Two options are available for aerosol generation in this mode. The Wright nebuliser can 
be used to generate a polydisperse aerosol of solid particles that is subsequently classified 
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by the DMAlC as in the grade penetration test-operating mode. Alternatively, a 
monodisperse aerosol of liquid particles could be generated using a Liu & Lee type 
condensation aerosol generator, with the atomiser operating in non-recirculating mode. 
The monodispersity of the condensation aerosol can be improved by classification by the 
DMAlC if desired. In either case, classification by the DMAlC will reduce the number 
concentration of the loading aerosol. TIlls has practical implications, because it will take a 
long time to clog a filter sample. However it does offer the facility ofloading sub-micron 
aerosols onto filters, which the filter loading rigs described in Chapter 3 cannot do. 
A5.4.2.1 Loading with classified aerosol 
The generated aerosol stream enters the DMPS cabinet via port B, it is then dried, passed 
through an ionising radiation source (Kr85 #1) and its flowrate regulated according to the 
calibration of the DMNC for the desired loading particle size (where valve VS, is open to 
DMNC). Sheath nitrogen flow entering the DMNC unit and the DMNC central rod 
voltage are also regulated to calibration levels. The classified stream leaves through the 
bottom of the unit, passes through a second ionising radiation source (Kr85 #2) and out to 
the filtration section through port D on the DMPS cabinet. Excess DMAlC aerosol leaves 
via port E of the DMPS cabinet. The classified aerosol enters the mixing chamber, where 
it is diluted with clean dry air, passes through the test filter and is exhausted. Aerosol 
samples are taken at fixed intervals from the upstream and downstream sampling lines for 
particle number concentration measurement by the CNC (where valve V21 is open to the 
CNC inlet). CNC and pressure drop data is continuously monitored and logged by a PC, 
so that it can be analysed later in a spreadsheet. As in the loading tests conducted on the 
filtration rigs described in Chapter 3, the test filter is weighed at the start and the end of 
each loading run to establish how much aerosol has deposited onto the filter. TIlls 
information can be inputted into the spreadsheet and the incremental mass deposit 
determined using calculated values of penetration from upstream and downstream filter 
CNCdata. 
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A5.4.2.2 Loading with unclassified aerosol 
As in A5.4.2.2, the generated aerosol stream enters the DMPS cabinet via port B. It is 
dried and passed through an ionising radiation source (KrS5 #\). In this case, however, 
valve V8 is open to the filtration section, so that the aerosol stream is transported directly 
to the filtration section via port G of the DMPS cabinet. The flowrate of this aerosol 
stream is regulated by rotameter RI to a desired level. The unclassified aerosol enters the 
mixing chamber, where it is diluted with clean dry air, passes through the test filter and is 
exhausted. As before, aerosol samples are taken at fixed intervals from the upstream and 
downstream sampling lines for particle number concentration measurement by the CNC 
(where valve V21 is open to the CNC inlet). CNC and pressure drop data is continuously 
monitored and logged by a PC, for subsequent analysis in a spreadsheet. Again, the test 
filter is weighed at the start and the end of each loading run to establish how much aerosol 
has deposited onto the filter, and the information used in conjunction with calculated 
penetration data to generate incremental mass deposit data. 
If the unclassified aerosol is polydisperse in nature, the DMAlC unit can be used in 
conjunction with the CNC to generate grade penetration data using sampled aerosols from 
the upstream and downstream filter aerosol sampling ports. If this is done, the sampled 
aerosol enters the DMPS cabinet via port F (where valve V21 is open to receive aerosols 
from port C of the DMPS cabinet). The sampled aerosol passes through a radioactive 
source and enters the DMAlC unit for classification. The fiowrate of this stream is 
regulated using rotameter R2 according to DMAlC calibration levels. The sheath nitrogen 
stream and DMAlC rod voltage are regulated according to calibration levels. The 
classified sampled aerosol leaves the DMPS cabinet via port C and is transported to the 
CNC inlet for concentration measurement. 
A5.4.3 Calibration of the DMPS 
The DMAlC unit must be calibrated before any particle size measurements are performed. 
As in the Aerosizer and Las-X calibration tests (described in Chapter 3), water-based 
solutions of monodisperse standard polystyrene latex particles are used in the calibration. 
A spray is generated by the Wright nebuliser in order to generate a calibration aerosol. 
This stream is dried and passed through an ionising radiation source (KrS5 #1) and enters 
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DMNC unit. The DMNC central rod voltage is pre-programmed to perform a "voltage 
sweep" during the calibration test at voltage and time steps defined by the user. As before 
a regulated flow of clean dry nitrogen enters through the top of the DMNC. The 
classified aerosol leaves through the bottom of the unit and out to the CNC for particle 
number concentration measurement via port C of the DMPS cabinet. As previously, 
excess DMNC aerosol leaves via port E of the DMPS cabinet and is exhausted. Any 
excess classified aerosol for measurement by the CNC is exhausted prior to the main 
classified aerosol entering the CNC sampling port. 
As explained in Section AS.2.3, flowrates for the aerosol inlet, sheath supply, aerosol 
sampling and excess outlet are required to determine the particle size measured/classified 
by the DMPS as well as the DMNC rod voltage. These settings can be a trial and error 
exercise. However, previous studies using similar DMPS apparatus provide some 
guidelines on what flowrates and rod voltages are required to obtain specific particle sizes 
(Ref. Scurrah [19941, Pui & Liu [19741. Knutson [19761. Agarwal & Sem [19781. Kinney 
et al [1991]). For example, Scurrah [19941 calibrated a DMPS using 0.304 IJ.Ill latex 
particles and solutions of DOP; a summary of the operating parameters and calibration 
results are given in Table AS.3 for this study. 
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Valves 
Nitrogen feed 
Compressed air supply regulator 
• <'.""01 generator feed regulator 
VI 
V2 
V3 
V4 
V5 I 
V6 
V7 
VI4 I 
VIS 
VI6 
VI7 
VI8 
VI9 
V20 
from DMAlC regulator 
aerosol to Kr85 #2 shut-off 
aerosol to CNC shut-off 
sampling line shut-<lff 
V8 
aerosol to condenser/reheater shut-off 
efficiency aerosol shut-off 
aerosol shut-off 
generator regulator 
3-way valve: GE aerosol to filtration section 
• shut-ofl' or aerosol to DMAlC shut-off 
to filtration section shut-off 
from Kr8S #2 to DMAlC s,o, 
V21 
V22 
V23 
V24 
V25 
II'ost,fillter sampling line shut-<lff 
• F're-filt.orpressure tapping shut-off 
1ll'ost-fillter pressure tapping shut-<lff 
• J'-Wl.vvalve: Sampled aerosol to CNC shut-
classified aerosol to CNe shut-off 
Excess aerosol to CNe shut-off 
Filtered aerosol to 0-161 min-' rotameter s_o. 
Filtration section aerosol flow regulator 
Make-up air regulator for exhaust pump 
2 
pressure relief(set to 2 I 
Filten 
FI Nitrogen feed Domnick Hunter filter (Oil-X) 
F2 Compressed air feed Domnick Hunter filter (Oil-X) 
F3 Test filter 
Pumps & Rotameters 
Instruments 
Connection ports 
I A 
I B [ 
C 
D 
,r E 
F 
1 , i , 2 
RI 
R2 
R3 
Generated aerosol flow + regulator (0.6 - 5 I minI) 
Classified aerosol flow + regulator (0.6 - 5 I min-') 
Excess DMAlC aerosol flow + regulator (2 - 25 I min-') 
R4 (a). Filtered aerosol flow + regulator (6 - SO I min-') 
R4 (b), Filteredaerosolflow(O- 161 min-') 
DMPS cabinet: sheath supply in I 
DMPS cabinet: unclassified aerosol supply in 
DMPS cabinet: classified aerosol out to CNC 
DMPS cabinet: classified aerosol out to filtration section I 
DMPS cabinet: unclassified sampled aerosol in 
DMP~ ~binet: unclassified aer~sC?l to .!i~trati~.!l section 
Aerosol generation module: gas feed to Wright nebuliser or Atomiser 
Aero~l.gen.e~tio~ ~oo.ll:le: aerosol out ofWri~t ne~ul.iser or At?miser I 
Table A5.2: Legend to the flow diagram of the sub-micron particle filtration rig (Figure A5.4). 
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Aerosol Sheath gas Polydisperse aerosol Excess flow Classified aerosol 
measured . flow (I min'l) flo"; (I min'l) (I min'l) flow (I min'l) 
0.304~PSL 8.0 1.0 6.7 1.0 
0.1 vol%DOP 23.2 1.3 19.3 1.3 
0.1 vol% DOP 23.3 1.0 19.3 1.0 
1 vol%DOP 12.0 1.0 10.0 1.0 
10vol% DOP 8.0 1.0 6.7 1.0 
(a) operating conditions 
Aerosol Peak at rod Particle size No. of charges Number concentration 
measured voltage (kV) (tun) OD particle (particles m"') 
0.304~PSL 8.0 0.304 1 9.37 x 10' 
4.0 0.304 2 1.14 x 1010 
1.0 0.087 1 6.75 x 10' 
0.1 vol% OOP 3.5 0.098 1 1.00 x lOll 
2.5 0.034 1 8.86 x lO" 
3.5 0.098 1 7.24 x 10" 
1 vol%DOP 7.0 0.220 1 3.50 x 10" 
10vol% OOP 8.0 2.084 1 6.96 x 10' 
5.0 1.308 1 5.84 x 10' 
2.0 0.535 1 2.15 x 1010 
(b) calibration results 
Table A5.3: Summary of operating conditions and calibration test results for a DMPS system used by 
Scurrah [1994J. 
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Figure A5. 6: Drawings of the upper section of the DMAIC unit designed and fabricated during these studies (not to scale). The top half of the complete unit is shown on the 
left hand side. 
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Figure A5.7: Drawings of the lower section of the DMAlC unit designed andfabricated during these studies (not to scale). The bottom halfofthe complete unit is shown on 
the left hand side. 
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Figure A5.9: Drawings of theft Iter holder designed andfabricated during these studies (not to scale). The complete unit is shown on the left hand side. 
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AS.S Symbols and units used in this appendix 
Cc Cunningham slip correction 
C particle number concentration in the CNC particles m"l 
Cactu.1 true concentration particles m"3 
Cindicated measured concentrations particles m"l 
d. mean nuclei diameter m 
dp particle diameter m 
DK lCelvindiameter m 
e elementary unit of charge C 
Eo electric field strength C Farad"1 m"1 
F. electric field force Nm-
I 
Fd Stokes' Drag force Nm"1 
L length of the classifying region in the DMAlC m 
M molecular weight kgkmorl 
n total number count in the CNC (particles) 
no initial number of charges on a particle (at t = 0) (-) 
Np particle number concentration particles m"l 
number of counted particles 
N. nuclei number concentration particles m"l 
, 
• I 
, 
, 
Q aerosol flow rate in the CNC m3 S"I 
Qt total volumetric flow rate through the DMAlC m3 S"I 
Q. aerosol inlet volumetric flow rate in the DMAlC ml S"I 
Qc sheath supply volumetric flow rate in the DMAlC ml S"I 
Qs aerosol sampling volumetric flow rate in the DMAlC ml S"I 
Qm excess outlet volumetric flow rate in the DMAlC m3 S"I 
P actual vapour partial pressure Pa 
Ps saturation vapour pressure Pa 
rl DMAlC centre rod radius m 
r2 DMAlC outer cylinder radius m 
Rg universal gas constant kJ kmole"1 KI 
t time period for single particle counter disablement s 
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accumulated live-time 
radial component of particle velocity 
rod voltage in the DMAlC 
particle electrical mobility 
Greek Symbols 
(J 
dynamic viscosity of carrier gas 
density of the condensing fluid 
surface tension 
arithmetic standard deviation 
statistical error of the count in the CNC 
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Appendix 6 
A6.1 Pp versus App in liquid particle loading for multi-layered media 
The effects of fibre diameter, loading particle size, filter face velocity and packing density 
on Pp versus App responses have been reported previously in Section 6.2.5.1. A similar 
analysis of data for liquid particle loading is now illustrated and discussed for face 
velocity and challenge particle size only. Insufficient data is available for filter packing 
density, and filter fibre diameter to make comparisons for these effects. These data are 
plotted in Figures A6.1 and A6.2 as follows: 
Q face velocity effect (Figure A6.1): Bekaert Bekipor® ST IOAL3 stainless steel media 
loading with 2 JJ.IIl DES particles at face velocities of 0.03, 0.12 and 0.22 m S·I. Data 
plotted to region (d) only (ref. Figure 4.29). 
Q challenge particle size effect (Figure A6.2): Bekaert Bekipor® ST IOAL3 media 
loading with 0.80 and 2.07 JJ.IIl DES particles at 0.14 m S·I face velocity. Data plotted 
to region (d) only (ref. Figure4.30). 
The general trends observed follow a similar pattern to those described in Section 6.2.5.2. 
In addition, the gradient of the Pp versus App relationship increases with smaller face 
velocities and challenge particle sizes. This is in agreement with trends obtained in solid 
particle loading (ref. Section 6.2.5.1). Thus, the Pp versus App relationship must be' a 
function of face velocity at constant challenge aerosol size, filter packing density and 
filter fibre diameter, after consideration of the initial filter penetration. Similarly Pp versus 
App is a function of challenge aerosol size for constant face velocity. 
It is also possible that the filter packing density & filter fibre diameter follow similar 
trends to those observed in solid particle loading, where the gradient increases with 
smaller fibre diameters and larger packing densities, although this cannot be confirmed 
here. This would imply that the Pp versus App relationship must be a function of filter 
packing density for constant face velocity, challenge aerosol size and filter fibre diameter; 
and filter fibre diameter for constant face velocity, challenge aerosol size and filter 
packing density. 
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Thus, further credibility to the Davies [1970] relationships relating penetration with 
pressure drop during loading through a set of constants is added. However, this is only 
valid for the "linear" regions of the liquid loading data only, in which the "quality" of the 
filter is constant. 
A6.2 Determination of k' from experimental loading data 
In Chapter 6, the initial loading region was investigated at some length for solid particle 
loading data from this and other workers. The parameter, k', was calculated from 
experimental data using two different techniques, depending on whether the mass 
deposited per unit faced area or mass faced per unit faced area on the filter was reported 
for that study. These methods are described below. 
A6.2.1 Method 1-modified Myojo technique 
Myojo et al [1984] reported two ways of calculating k' from experimental data: a least-
squares technique, and a graphical method. The latter of these two methods has been 
applied to experimental data obtained during the current study, whose k' values have been 
reported previously in Chapter 6. 
Myojo et al [1984] reported that if the overall filter thickness, hr, is sufficiently thin, the 
following logarithmic penetration equation can be applied to a dust loaded filter: 
. = n(l-am}d1 In(l- E ) 
l]".m 40. h m 
m I 
(A6.1) 
where dr is the fibre diameter, Om the packing density of the dust loaded filter, l]si.m the 
single fibre collection efficiency of a dust loaded fibre and Em the overall efficiency of the 
dust loaded filter (=I-Pm). Myojo et al [1984] determined Em by graphical itegration with , 
respect to mass deposit per unit faced filter area (~) of: 
1 M", 
m=- JEmdMd,p 
hI 0 
where m is the mass deposited per unit faced filter volume (kg m'\ 
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Myojo et al (1984] calculated the clean filter single fibre efficiency, Tlsi,O. Equation (2.17) 
rearranged in tenns of the single fibre efficiency may be used here: 
E=I-P=I-exp , , ,i (
-4CX h Tl ) 
00, (1- cx, ) (2.17) 
where exr is the clean filter packing density, E the clean filter overall efficiency (i.e. Eo), P 
the clean filter penetration (i.e. Po), Tlsi the clean filter single fibre efficiency (i.e. Tlsi,O). 
A nonnalised the dust loaded single fibre efficiency, given by the ratio of Tlsi,,.ITlsi,o, was 
then plotted against m. Myojo et al [1984] found that the nonnalised efficiency rose 
almost linearly with m, and its gradient, k' , increases with decreasing face velocity. 
For experimental data obtained during the current study, Mdep and Pm are known 
parameters since they have been detennined from LSP data already. k' was detennined 
from these data as follows: 
I. Calculate m (kg m·l ) for each data point from the mass deposited per unit faced area, 
Mdep (kg m-\ where: m = ~epfhr 
2. Calculate am for each data point using: am = (Mo + :d'PA")( . 2 ) 
nD, h, 
4 
where Mo is the clean filter mass (kg), Acs the faced cross-sectional area of filter (m2), 
Pr the fibre density (kg m-2), and Drthe filter sample diameter (m). 
3. Calculate Tlsi,O using the initial penetration (Po) and filter packing density (exr) in 
Equation (2.17). 
4. Detennine Tlsi,m for each data point from Equation (A6.1) using Urn calculated above 
and the appropriate Pm. 
5. Calculate the normalised single fibre efficiency, Tlsi,,.ITlsi,O' 
6. Plot Tlsi,n/Tlsi,o against m and obtain a best linear fit to the data, and calculate the 
gradient (i.e. k'). N.B. The linear fit should pass through Tlsi,,.ITlsi,o =1, so that its 
. . Tl,im k' I equatIon IS: -'- = m + . 
'llsi,o 
358 
Filtration of solid and liquid aerosol particles -Appendix 6 
A6.2.2 Method 2 -KanaokaIWalsh technique 
Kanaoka [1998] reported the following set of equations to predict the perfonnance of a . 
dust-loaded filter in tenns of overall filter efficiency. The equations can be re-arranged in 
tenns of experimental parameters and an iteration technique applied to determine the 
value ofk' for the initial loading region for that particular filter. 
For an air filter composed of unifonnly packed fibres possessing the same diameter, the 
overall efficiency of that filter may be estimated from Equation (2.17). However, 
Equation (2.17) cannot be used at dust-loaded condition. Under dust-loaded conditions, 
the filter efficiency, Em, and dust load may be estimated by solving Equations (A6.3) and 
(A6.4) with Equation (A6.5) using initial and boimdary conditions: 
(lC =(_1 )am 
at v p at 
where C is the aerosol concentration and vp the particle velocity. 
11 •. m =AVc =1+k'm 
l1si,o 
(A6.3) 
(A6.4) 
(A6.5) 
where A and k' are collection efficiency raising factors. Equation (A6.5) is an 
approximation for the nonnalised single fibre efficiencies with dust load (Kanaoka 
[1998]). Thus for collection efficiency and dust load respectively, we have: 
Collection efficiency: 
E =I-P =1- Co", =1- exp(-k'BC.,vt) 
m m C., exp(-k'BC.,vt)+exp(Bhr)-1 (A6.6) 
Dust load: 
1 ( exp(-k'BC.,vt)-1 ) 
m=-k' exp(-k'BC.,vt)+exp(Bx)-1 (A6.7) 
where t is time and x the location within the filter depth, and B is given by: 
(A6.8) 
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Walsh [1999] recently modified these equations using mass faced (Mfaced) on the filter 
medium. The following expression describes the effect of loading on collection by 
mechanical mechanisms in filters of similar mechanical structure and similar operating 
conditions. 
(A6.9) 
where E is the filter inhomogeneity factor. All parameters in Equation (A6.9) except k' 
may be calculated from experimental data or are known experimental values. Thus k' can 
be determined by performing a simple iteration technique. 
A6.3 Further analysis of the initial loading regime in solid particle loading 
The initial loading regime in solid particle loading was discussed at length in Chapter 6 
and the information presented in section is intended to support the statements previously 
reported. Figure A6.3 shows a plot of efficiency raising factor (k') against the initial 
single fibre efficiency (Tlsi). Data from the studies ofKanaoka (Kanaoka et al [1980] and 
Myojo et al [1984]), Graef[1995], Japuntich [1991] and the current study are shown. It is 
evident from Figure A6.3 that k' is proportional to the initial single fibre efficiency as 
suggested by Kanaoka and workers. In addition, data obtained during this study and those 
of Graef and Japuntich are comparable with the experimental fmdings of Kanaoka. This 
plot also confirms that the data plotted in Figure 5 of the paper published by Myojo et al 
[1984] (shown in Figure A6.4 for reference) is in error, as previously suggested in 
Chapter 6. 
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